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CHAPTER 1 
General introduction 
1.1 Supramolecular chemistry 
Organic chemistry is characterized by the fact that strong covalcnt bonds are used to 
make connections between atoms and molecules In supramolecular chemistry one 
relies on much weaker non-covalent bonds, such as hydrogen bonds, dipole-dipole, 
ionic, and van der Waals interactions, to construct molecular systems.1 The 
importance of non-covalent interactions is clearly demonstrated in Nature, where it is 
frequently used to built all kinds of complex systems ranging from enzyme-substrate 
complexes to cells. The discovery of the cation-binding crown ethers by Pederson m 
1967 initiated the field of host-guest chemistry,2 which matured over the years and 
passed into what is now called supramolecular chemistry. The selective recognition of 
a guest molecule by a complementary host molecule creates a host-guest complex, 
which is the synthetic equivalent of a enzyme-substrate complex Host-guest 
complexes have been used to mimic different aspects of enzymatic catalysis. A great 
variety of receptor molecules has been designed for the selective binding of different 
types of guest molecules. Much research is performed to combine these receptors with 
a catalytic active center to develop selective catalysts There is, however, still a long 
way to go before synthetic systems will reach the sophisticated level of their natural 
counterparts Another area where host-guest chemistry has made a great impact is 
that of sensors. The change in properties, e.g. optical or electronic properties, that 
occurs upon association of complementary molecular units makes it possible 
selectively to detect ions and organic molecules.3 Currently, a new area is being 
entered in which host-guest chemistry and molecular recognition are used as tools to 
tune the properties of materials, such as molecular crystals, liquid-crystals, and 
molecular aggregates 4 The investigations described in this thesis bear upon this new 
development 
1.2 Diphenylglycoluril as a building block in host-guest chemistry 
One of the lines of research at the Department of Organic Chemistry of the 
University of Nijmegen focuses on the use of diphenylglycoluril (1) as a building 
block in host-guest chemistry. A great variety of host molecules can be obtained from 
this building block by simple synthetic routes, which offers the opportunity to bind 
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different types of guest molecules. The binding of alkali metal ions and diammonium 
salts in crown ether derivatives 2 had already been published by 1990.5 Molecular clip 
3 and azacrown ether derivative 4 appeared to be very good host molecules for 
dihydroxybenzene derivatives.6 , 7 
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Figure 1.1 Sciwmatic representation of the three conforméis of 5 and the enhanced binding of 
an electron poor aromatic guest upon binding of potassium ions 
The aromatic walls of the host molecules can easily be modified. An example is 
molecule 5, which exists in three different conformations: ьуп-syn (ss), syn-anti (sa), and 
anti-anti (an). Binding of potassium ions changes the conformation of this host, which 
concomitantly leads to an enhanced affinity for electron poor aromatic guests. 
A В 
Figure 1.2 Two catalytic systems based on a diphem/lglycoturil building block. 
The favourable binding properties of these diphenylglycoluril based receptor 
molecules have been used to develop supramolecular catalytic systems. In one 
example a dicopper(II) pyrazole complex has been positioned above the cavity of 4 
(Figure 1.2A).1() Benzylic alcohols that are able to bind in the cavity of this 
supramolecular catalyst were found to be oxidized much more rapidly than non-
binding alcohols. In another example, the hydrogénation and isomenzation of allyl 
substituted benzenes in a receptor molecule modified with a rhodium center (Figure 
1.2B) is demonstrated11 The conversion of substrates bound in the cavity of this 
rhodium catalyst was found to be accelerated, whereas the conversion of non-binding 
substrates was delayed. 
The previous examples concern applications of diphenylglycoluril in the area of 
catalysis. The challenge was to extend these applications to the field of new materials, 
and more particularly to use diphenylglycoluril as a building block to develop new 
thermotropic and lyotropic liquid-crystals, and non-linear-optical (NLO) materials 
(Figure 1 3) 
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Figure 1.3 Schematic representation of the use of glycolunl as a building block for пего 
materials 
1.3 Outline of the thesis 
In chapter 2 an introduction to host-guest chemistry and the chemistry of liquid-
crystals is given, followed by a literature survey of studies in which these two fields 
are combined. 
In order to obtain thermotropic liquid-crystalline materials, diphenylglycoluril 
molecules were modified with four tnalkoxybcnzoyl groups (chapter 3). Upon 
binding of dihydroxybenzenc guest molecules in these host molecules, liquid-
crystalline properties were induced, which were studied by differential scanning 
calorimetry and polarizing microscopy. In chapter 4 the concept of inducing liquid-
4 
crystallinity by host-guest interactions is extended Properties of hquid-crystalhnc 
complexes of diphenylglycoluril molecules with low molecular weight as well as 
polymeric guest molecules are presented. In chapter 5 a supramolecular complex of a 
modified porphyrin molecule enclosed by four diphenylglycoluril receptor molecules 
is described. The influence of the encapsulation of the core of the porphyrin on the 
physical properties of this macrocycle was studied by various techniques 
The formation of aggregates upon dispersion of diphenylglycoluril molecules, 
containing long aliphatic chains, in water is described in chapter 6. The 
supramolecular structures that are formed can be tuned by changing the p H of the 
solution or by the binding of alkali metal ions. Monolayer experiments were carried 
out to obtain more information about the aggregation behavior of the host molecules. 
Chapter 7 deals with receptor molecules that were designed to be amphotropic, / e 
to have thermotropic as well as lyotropic liquid-crystalline properties 
In chapter 8, studies are described to prepare NLO-active materials from 
diphenylglycoluril molecules. The walls of these receptor molecules were modified 
with donor-rt-acceptor-functions Binding properties, an X-ray structure, UV-vis and 
polanzibility measurements are presented, as well as preliminary studies of the 
optical behavior of these molecules in a polymer film. 
References 
1 Lehn, J -M , Angew Clwm 1988, 200, 91. 
2 Pedersen, С J. / Am Clwm. Soc 1967, 89, 7017 
3 Lehn, J-M Angew Clwm 1990,702,1347 
4 Ringsdorf, H , Schlarb, В , Venzmer, J Angew Clwm 1988,200,117 
5 Smeets, J W H.; van Dalen, L , Kaats-Richter, V Ε M., Nolte, R J. M / Οι g Clwm 1990, 
55, 454 
6 Sijbesma, R. Ρ , Kentgens, A Ρ M., Nolte, R. J. M /. Oig Clwm 1991, 56, 3199. 
7 Sijbesma, R P., Nolte, R J M / Org Clwm 1991, 56, 3122 
8 Sijbesma, R P.; Nolte, R. J M Red Trav. Chim Ραψ-Bas 1993, 222, 643 
9 Sijbesma, R P , Nolte, R J M / Am Clwm Soc 1991,223,6695. 
10. Martens, С F , Klein Gebbink, R J M ; Feiters, M С ; Nolte, R J M ƒ Am Clwm Soc 
1994, 226,5666. 
11. Coolen, H К A С , van Leeuwen, Г W N M, Nolte, R J M Augew Clwm 1992, 37, 
905 
4 
6 
CHAPTER 2 
Literature survey 
2.1 Introduction 
Supramolecular chemistry is concerned with the design, synthesis, and study of 
assemblies of molecules held together by relatively weak forces, eg hydrogen 
bonding, electrostatic interactions, van der Waals forces, etc ' Current interest in this 
type of chemistry stems amongst others from the fact that supramolecular systems 
may serve as models to study biomolecular processes ^ A great deal of research is 
being carried out to unravel the secrets of these processes and we are just beginning to 
understand their underlying principles, but many details still remain unknown 
Chemists are nevertheless using the available information as a guide to construct 
novel supramolecular structures from various building blocks The advantage of this 
is that the synthetic chemist is not restricted to using the molecules occurring in 
Nature, but has access to an arsenal of synthetic building blocks and can make use of 
unnatural interactions to assemble molecules 
Nature is extremely skilful at synthesizing large biomolecular structures such as 
proteins, DNA, viruses, and cell membranes and uses an astonishing variety of 
strategies to control their functions Self-assembly and molecular recognition are two 
important tools used by Nature to achieve this These tools are now becoming 
available to synthetic chemists 2 
Organic synthesis is the chemistry of the covalent bond Molecular structures can be 
built up by sequential synthesis using controlled formation of covalent bonds In 
principle an infinite number of atoms can be connected to achieve a diversity of 
structures with well-defined composition and shape Extraordinarily sophisticated 
procedures are, however, required to synthesize large complex molecules such as 
palytoxin4 and taxol n In practice larger structures will be beyond the reach of 
stepwise covalent synthesis Polymerization of low molecular weight substances 
(monomers) may be the way to overcome this problem, but this method is of limited 
use because the variation in structures is restricted and the control over the three 
dimensional shape is weak Covalent synthesis and polymerization are, therefore, not 
the most suitable approaches to construct large molecular systems, ι e with 
dimensions in the nanometer range and molecular weights bigger than 104 Daltons 
Self-assembly as employed bv Nature, however, may be the method of choice to 
synthesize such nanosized systems Self-assembly abandons the covalent bond and 
relies on much weaker and less directional non-covalent interactions, such as 
hydrogen bonding, dipole-dipole, ionic, and van der Waals interactions The 
individual molecules or ions organize themselves in such a way that a 
thermodynamic minimum is reached The non-covalent bond is a factor of 10 to 1000 
times weaker than the covalent bond and is comparable to thermal energies The 
collective non-covalent interactions have not only to overcome the unfavourable 
entropy effect of bringing many molecules together in a large assembly, but also have 
to overwhelm the competing energetically favourable interactions with the solvent 
The goodness of the fit between the molecules governs the stability of the collectivity 
of the non-covalent interactions Therefore, molecular recognition is the key word in 
the spontaneous generation of large supramolecular structures 
Molecular recognition (Figure 2 1) can be divided into endo iCLOgnition, in which the 
binding site, usually a cavity, is located inside the molecule (convergent cavities), and 
exo recognition, in which the binding or recognition site is at the outside of the 
molecule 6 7 Exo-recognition is well-known in nature as exemplified by the 
interactions between different proteins or between an antibody and an antigen In 
chemistry we see this type of interaction in eg molecular crystals, liquid-crystals, and 
Langmuir Blodgett films An example of endo-recognition m Nature is the selective 
binding of a substrate in the active site of an enzyme In chemistry endo-rccognition is 
reflected in the complex formation between a host and л guest 
Fxo-recognition Endo-recognition 
D - D D · | _ | 
I i 
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Figure 2.1 Schematic wprescntatum of exo mid endo ¡¡.cognition 
In this literature survey we will focus on the construction of large supramolecular 
systems which possess interesting materials properties, viz liquid-crystals Self-
assembly and molecular recognition are the methods used to synthesize these 
materials and to tune their properties Before doing this we will briefly review host-
guest chemistry This will be used in this thesis as the main tool for the design of 
novel supramolecular structures 
8 
2.2 Host-guest chemistry 
The development of synthetic molecular systems based on non-covalent interactions 
started with the discovery of the selective binding of metal ions in crown ethers. 
Different so-called host molecules were subsequently synthesized to complex a 
variety of guest ions, e.g. cryptands, 9 spherands , 1 0 cyclophanes, 1 1 etc. (Figure 2.2). 
О 
О 
О 
о 
Figure 2.2 Example* of (л) a cryptaud, (b) π sphernnd, mid (c) a cydophane. 
The attention gradually shifted from the host-guest binding of charged species to the 
binding of uncharged (neutral) molecules. The binding of the latter molecules relies 
on much weaker interactions, i.e. hydrogen bonding, π-π stacking, and van der Waals 
forces, and, therefore, the collectivity of these interactions is indispensable in order to 
achieve high binding constants. In addition to this, an accurate arrangement of the 
binding positions in the host is required. This can be accomplished by using rigid 
building blocks, as is exemplified in several studies in the l i terature. 1 2 Enzymes have 
developed more sophisticated methods of complexing a molecule, e.g. substrate 
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Figure 2.3 The co-operative binding of guests in a synthetic receptor moleaih 16 
9 
binding by an induced fit mechanism or co-operative binding of different substrates. 
In recent papers synthetic host molecules have been described which bind guest 
molecules by a similar mechanism (Figure 2.3). ~16 
A great deal of research in host-guest chemistry is aimed at constructing enzyme-like 
catalysts. One of the most elegant examples is the nbonuclease model developed by 
B r e s l o w 1 7 The hydrolysis of RNA chains by RNAse is catalyzed by the imidazole 
groups of two fastidine residues in the enzyme. Breslow et al synthesized а ß-
cyclodextrin functionalized with two imidazole groups. This functionalized 
cyclodextrin is able to hydrolyze selectively a cyclic phosphate which is bound in its 
cavity (Figure 2 4) In this reaction only one of the phosphate isomers is formed 
exclusively. The reaction rate of this "artificial enzyme" is, however, much lower than 
that of the natural enzyme, but the resemblance is observed in the high selectivities of 
the two catalysts. 
H 
¿Y о ^ но О 
+Im-H 0-Р = 0 У Im: ^ \ ^ ° " Р - 0 -
Figure 2.4 K/-<"-/<m>'s ribonucleic model billed on fi-cyclodextnne 
An beautiful and well-known example of self-assembly in Nature is the formation of 
the double-stranded DNA chain by association of two complementary single stranded 
chains. Single stranded DNA not only possesses the information necessary to carry 
out for this self-assembly process but also can act as a complementary template, when 
the system is triggered to self-replicate, leading to the copying of the genetic material. 
Rebek and coworkers 1^ have designed a synthetic system (Figure 2.5), which mimics 
these properties of DNA in terms of complementarity and self-replication Their 
model system is based on the molecular recognition of an adenine derivative by a 
complementary imide In a subsequent step a covalent linkage is formed between the 
two fragments The reaction product can, after an isomerization reaction, act as a 
template for the assembling of identical molecules due to the shape and orientation of 
the recognition surface. This results in an enhancement of the rate of product 
formation. This phenomenon is known as autocatalysis and is caused by 
complementarity, which is also a feature of self-replicating molecules. 
10 
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Figure 2.5 Autocntnlysis in a sdf-rephcatmg system IS 
The self-assembly of double-stranded DNA relies on a process of molecular 
recognition between nucleotide bases involving a set of hydrogen bonds between 
donating and accepting groups restricted by their form. This process is reversible 
allowing initial mismatches to be repaired by disassembly and reassembly, which 
leads to the proper combination of the two strands at a thermodynamic equilibrium. 
From a synthetic point of view regular patterns of hydrogen bonds are easily 
accessible and are, therefore, often the incentive in current work on molecular 
recognition and self-assembly processes.19 One recent example involves the 
complementary building blocks melamine and cyanuric acid.2 0 When these two 
molecules are mixed in water a very stable solid structure is obtained which is held 
together by a network of hydrogen bonds (Figure 2.6A). Preorganization of three 
I I 
mclamine units with the help of a spacer group yields a building block that can 
interact with three cyanurate units in chloroform to give a stable hexamolecular 
assembly.21 Modifying the trimers of melamine or adding di- or trimers of the 
cyanurate units results in the generation of double-decker and triple-decker systems 
(Figure 2.6B).22 Understanding the principles of these self-assembling processes may 
clear the path to the construction of nanostructures based on hydrogen bonding 
patterns. 
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Figure 2.6 (A) Network of hydrogen bonds between melamine and cuanuric acid in the solid state, 
(B) extended arcliitectuivs based on this hydrogen bonded pattern r^ — 
2.3 Liquid-crystals 
On the molecular level two extreme cases of organization can be distinguished: the 
solid state, which is characterized by the fact that molecules are aligned in a perfect 
order with almost no mobility, and the isotropic liquid, which contains molecules that 
are free to move. In a number of cases an intermediate state is observed, which 
features both order and disorder of molecules. Compounds displaying such states are 
called liquid-crystalline. Liquid-crystallinity is an important phenomenon as is 
demonstrated by nature: no life was possible without the organization of lipids into 
liquid-crystalline structures, viz. the cell membranes. 
Liquid-crystals can be divided into two categories, according to the way the solid 
state order is disturbed, z'.t'. thermotropic and lyotropic liquid-crystals. In the former 
case the organization of the molecules is temperature dependent, whereas in the latter 
case it is solvent dependent. 
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Thermotropic liquid-crystals. 
The molecular basis for a thermotropic liquid-crystal is generally a rigid core 
surrounded by flexible chains The rigid cores almost always possess a large shape-
amsotropy Thermotropic liquid-crystals can roughly be divided into two categories 
those containing rod-like molecules and those containing disc-like molecules 
Molecules forming liquid-crystalline phases are called mesogens Depending on the 
onentational and positional order of the mesogens, nematic, smectic or, columnar 
phases can be obtained (Figure 2 7) 
I ypes of phase 
Nematic Smectic Columnar 
Figure 2.7 Schemata icpresentation of the ппоіі^ liquid crystalline phases 
Lyotropic liquid crystals. 
Lyotropic liquid-crystalline systems consist of at least two components, generally an 
amphiphile and a solvent Amphiphiles are molecules that contain both a 
hydrophobic and a hydrophilic part The order and mobility in the liquid-crystalline 
system is dependent on the amount and type of amphiphile, which may lead to 
different types of aggregates, eg micelles, vesicles, bilayers, and hexagonal phases 
(Figure 2 8) 
Also in the field of liquid-crystals Nature is the source of inspiration for chemists A 
closer look at N a t u r e s architectures can be very helpful in the design of new hquid-
crystallme structures as is demonstrated by the following example The Tabacco 
Mosaic Virus (TMV) is one of the best understood examples of self-assembly in 
Nature 2 3 TMV is a helical virus particle of 3000 Â length and 180 Ä width, composed 
π 
Micellar structures Bilüver structures Irnerttd hexagonal slrucure 
Figure 2.8 Schematic lepresentatioii of different fi/;vs of liquid crystalline aggiegate^ 
of 2130 identical proteins (Figure 2.9) These proteins act as a coat for a single RNA 
chain, which is the carrier of genetic information. The protein molecules assemble to 
form stable disk-like subunits, whose size corresponds to two turns of the RNA helix 
of TMV. The disks associate with the RNA chain, in a step-wise manner, eventually 
generating the complete virus. The information governing the self-assembling process 
is for the most part embedded within the protein components, as can be concluded 
from the fact that under certain pH-conditions the subunits are able to self-assemble 
in the absence of the RNA molecule. 
¡••Са-ЙЯ . L B l i t 
Figure 2.9 The self-a^embh/ piacer by winch the Tabana Mosaic virus /s formed • 
In order to mimic the TMV self-assembling process, Perece et al^^0 have 
synthesized organic molecules with a shape similar to the tapered TMV proteins. 
These molecules are based on 3,4,5-tris(/J-dodecyloxybenzyloxy)benzoic acid, which 
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appeared to be a suitable structural unit to obtain a hexagonal columnar mesophase 
This taper-shaped molecule was combined with a recognition site (Figure 2 10), e g an 
ohgooxyethylene substituent24 or a cation selective crown ether 2 The crown ether 
derivative appeared to be a crystalline compound, but upon complexahon of sodium 
or potassium ions a hexagonal columnar phase was induced 2 The authors assume 
that in this phase л molecular arrangement is present, involving five molecules of 
which the crown ethers are positioned side by side in the central core of a columnar 
stack This self-assembled structure resembles that of TMV (Figure 2 10) In the case of 
the ohgooxyethylene derivative the columnar liquid-crystalline phase was formed 
even without the complexation of metal ions 2 4 
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Figure 2.10 T/u *ilf nwmblmg of taper-^haped ч/iithetic molecules into π Lolitmiini s/n/t fu/1 ~э 
2.4 Thermotropic liquid-crystals based on host-guest interactions 
The use of host-guest interactions as a tool to prepare new liquid-crystalline 
compounds and to generate liquid-crystalline phases is of great current interest In the 
following section we will discuss the achievements obtained so far in this new 
research area The molecular recognition between host and guest is based on 
hydrogen bonding, charge transfer, ion dipole interactions, etc These interactions are 
used to induce or change the liquid-crystalline properties at the macroscopic level 
Hydrogen bonding. 
The first example of a liquid-crystalline supramolecule was described by Lehn et 
ni 2 6 The rigid core of this molecule contained two complementary components, oiz 
an uracil and a 2,6-dimethylaminopyndine derivative, which are not hquid-
crystalhne themselves Association of these components by three parallel hydrogen 
bonds gave a liquid-crystalline supramolecule which formed a hexagonal columnar 
mesophase (Figure 211) 
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Figure 2.11 The induction of liquid crystallimty by means of a set of parallel hydrogen bond*· 
The same concept was used to prepare liquid-crystalline polymers from two sets of 
complementary molecules that are connected by means of a tartaric acid derivative 
(Figure 2 1 2 ) 2 7 Upon association of the complementary moieties liquid-crystalline 
phases were induced of which the textures appeared to be dependent on the chirality 
of the tartaric acid spacer 
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Figure 2.12 A liquid-cn/stalline polymer formed from two complementary moieties 
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Frechet et я/.2 8 demonstrated that it is possible to generate liquid-crystalline phases 
by supramolecular interactions involving only one hydrogen bond. These authors 
used a carboxylic acid derivative and a pyridine derivative as the two components. 
This molecular recognition process could be extended to a more general concept and 
mesophases were subsequently generated by hydrogen interactions in dimers, 2 8 , 2 9 
twin-dimers,3(^ side-chain polymers,31 and even in polymer networks3 2 (Figure 2 13). 
N H-0 
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side-chain polymer 
twin dimer 
Ù Ù Ù 
y g ρ 
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polymer network 
Figure 2.13 Liquid-crystalline molecules formed In/ a procer of molecular recognition Ьаьеа on 
hydrogen bonding between carboxylic acid and pyridine* derivative* 
Charge transfer interactions. 
Charge transfer interactions can evoke liquid-crystnllimty in materials as was shown 
by Ringsdorf et ni. They used alkoxy-substituted triphenylenes as disc-like donor 
mesogens in low-molecular33 as well as in main-chain polymeric liquid-crystals34. 
These materials can be doped with electron acceptors, e.g. 2,4,7-trinitrofluorenone 
(TNF), which were found to affect the phase behavior. The electron acceptors 
stabilized the columnar stacks and extended the temperature range of the mesophase 
and in some cases even induced an additional mesophase (Figure 2.14). Doping of a 
liquid-crystalline polymer with a chiral electron acceptor resulted in a chiral 
mesophase,35 showing that chirality which is introduced at the molecular level can be 
expressed at the macroscopic level. 
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Other types of supramolecular interactions. 
Lehn and coworkers·' prepared various azacrown ether derivatives substituted with 
alkoxybenzoate groups It was found that the amide functions in these molecules gave 
enough rigidity to the central crown ether cores to induce liquid-crystalline 
properties The liquid-crystalline phases disappeared, however, when the amide 
functions were reduced to amines 37~4n Complexation of metal ions3 8 , 3 9 (Figure 2 15) 
or protonation of the nitrogen atoms 4 0 of the crown ether rings, which restores the 
rigidity of the molecules, again brought forth the liquid-crystalline properties. 
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Figure 2.15 The binding of π metal ion m an azacrown ether ring, which lauU to a ngid central core 
and the geneiation of a liquui-ciy^talline ріш^е К = ci istalline, M = inc^o-, and I = îsotiopii pliage 
The introduction of liquid-crystalline behavior by complexation of metal ions in 
crown ether rings of taper-shaped molecules by Perece et ni 2^ has been described 
already in section 2 3. Besides this example, the combination of crown ether rings and 
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metal ions has been used also by this group to tune the liquid-crystalline properties of 
different main- and side-chain p o l y m e r s . 4 1 , 4 2 Polymers containing crown ether rings 
m their side-chain are able to dissolve salts and can behave like real copolymers 
having different side-chams, i.e. with complexed and uncomplexed crowns (Figure 
2.16) Consequently, a variety of liquid-crystalline phases can be evoked by only one 
polymer, just by changing the concentration of the metal ion. Non-ion-selective 
ohgooxyethylene groups have been studied as endo-receptor functions in main- and 
side-chain polymers by Percec's group also. Large numbers of alkali metal ions can 
be complexed by the side-chains of these polymers, resulting in ion conductive liquid-
crystalline polyelectrolytes. 4 3 
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Figure 2.16 Liquid-u у stalline Iwmopolymei, containing cromi ether nng^, ζυΐιιιΐι beamier a tiquid-
ciystnlline copolymer when alkali metal юпь are bound in ¡Ы чае-иіаіп^ К = ciy^talliiie pliage, g = 
glas*, S and S^ = теьорЬаче^, and I = ¡^otiopic pha^e 
Bowl-shaped liquid-crystalline molecules organize in a head-to-tail arrangement, 
with the top of one molecule protruding into the cavity of a neighbouring molecule 
Modified cycloveratrylenes have been used to prepare bowl-shaped mesogens.4 4 
Calixarenes, ot which the conformation was fixed by attachment of bulky alkoxy-
substituents or by capping with a tungsten-oxo group , have been reported as 
building blocks for liquid-crystals also. The effect of host-guest complexation on the 
liquid-crystalline properties was investigated for the tungsten modified calixarene 
(Figure 2.17). Binding of a dimethylformamide molecule in the calixarene cavity was 
found to suppress the formation of a liquid-crystalline phase. Experiments showed 
that at high temperatures diffusion of the dimethylformamide molecules out of the 
cavities took place, which resulted in the restoration of the stacks and a return of the 
mesophase. Recently, Swager's group reported that the mesophase of a flexible 
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calixarene derivative can be stabilized by the complexation of a guest molecule 
modified with two formamide functions.4 
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Figure 2.17 The suppression of the formation of a mesophase upon the binding of a DMF guest 
molecule in a liquid-crystalline cnlixnrene derivative. К = crystalline, M and M' = meso-, I = isotropic 
phase. 
2.5 Lyotropic liquid-crystals based on host-guest interactions 
Since the first report of a totally synthetic bilayer membrane by Kunitake and 
coworkers in 1977,4 8 a great variety of amphiphiles have been synthesized and 
studied with regard to their self-assembling properties. The incorporation of receptor 
sites in the amphiphilic molecules opens u p the possibility of tuning their aggregation 
behavior by host-guest interactions. Until now only a limited number of receptor 
molecules with amphiphilic properties have been described in the literature. 
Crown ether rings. 
Crown ether rings were the first receptor molecules to be incorporated in 
amphiphilic molecules. Mono- and dialkyl crown ether rings only formed micellar 
structures in water and no aggregates with a higher degree of organization, due to 
their inability to give a well-ordered s tructure. 4 9 " 5 1 Different approaches were 
developed to improve the organization of dialkyl crown ether r ings, 5 0 , 5 1 e.g. the 
complexation of ions, 5 1 which resulted in the formation of bilayer structures. Single-
20 
chain azacrown ether rings yielded vesicles when a p h e n y l 5 2 or cholesterol 5 3 
substituent was present in the molecule. The structure of the aggregates of the latter 
example did not change upon the binding of alkali metal ions. If two azacrown ether 
rings are connected by an alkyl chain a bola-amphiphile is obtained (Figure 2.18). 
This amphiphile also gave vesicles upon dispersion in water. 
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Figure 2.18 An example of a bola-ninphiphile based on azacrown ether ring·. 
Bowl-shaped molecules. 
Cahxarenes can be modified easily on the two rims of the molecules. This offers the 
opportunity to substitute polar groups on one side of the bowl-shaped cavity and 
hydrophobic chains on the other side. It was shown that molecules of this type form 
micellar aggregates, which were able to bind aromatic guest molecules. 5 5 
Murakami and coworkers have attached four double-chain amphiphilic peptides to 
the frame-work of a cyclophane to give an octopus amphiphile, which contains a 
cavity (Figure 2.19). Dispersion of this molecule in water yielded multiwalled 
vesicles with diameters in the range of 400-500 nm. The molecular packing in the 
vesicles was shown to be loose, which is the result of the presence of the macrocyclic 
ring The cavities of the cyclophane rings in the vesicles were able to bind negatively 
charged aromatic guest molecules, eg. 8-anihnonaphthalene-l-suIphonate (ANS) by 
an induced fit mechanism. The peptide connector units forces the amphiphilic 
molecules to adopt a rigid conformation. Binding was found to have taken place by 
fast incorporation of the guest into the hydrophobic cavity, followed by a slow 
conformational change of the amphiphilic host. The binding affinities of the 
amphiphilic cyclophanes for the aromatic guest m water appeared to be high. 
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Figure 2.19 Octopus amphiphile tiïutli bind* a guest molecule by an indiata fit mechanism 
Amphiphilic bowl-shaped molecules derived from diphenylglycolunl have been 
synthesized in our group On dispersion in water these amphiphiles gave vesicles 
with a diameter of 400 nm (Figure 2 20) ^7 Binding experiments were performed with 
the dye l,3-dihydroxy-4-(4'-nitrophenylazo)ben7ene Below the critical aggregation 
concentration (CAC), a l l host-guest complex was found to be present in solution 
Above the CAC vesicles were formed of which only half of the binding sites appeared 
to be accessible for guest molecules This suggest that only the cavities on the outer 
surfaces of the vesicles can be filled with the azo-dye For these cavity containing 
aggregates the name molecular golf balls was proposed 
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Figure 2.20 Tlu aggiegation of ainpliiplulte boivl sliapid receptoi molecule·, into a molecular golf ball 
Only the cavities on the outer sulfate of the aggi elates are accesible foi guest molecules 
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CHAPTER 3 
Induction of liquid crystallinity by host-guest 
interactions 
3.1 Introduction 
The development of molecular materials with tunable properties is a topic of great 
current interest and in this respect hquid-crystallinity is receiving much attention ' 
Recently, molecular recognition has been used as a tool to control the properties of 
liquid-crystalline materials Different receptor molecules, eg macroheterocyclic 
hgands2 4 and cone shaped molecules,5 8 have been synthesized and studied for this 
purpose Percec et al 2 investigated the engineering ot the liquid-crystalline behavior 
of crown ether containing polymers with the help of alkali metal ions, and Ringsdorf 
et al4a demonstrated that hquid-crystallinity can be induced in aza-crown ether 
derivatives by complexation of metal ions In cone-shaped mesogens, based on eg 
cycloveratrylenes5 and cahxarenes,6 7 the bowl-like rigid central core can act as a 
receptor site It has been shown that in the mesophasc the bowl-like cores are 
stacked5 7 and that this arrangement can be disturbed upon binding of a guest 
molecule in the cavity, leading to the loss of liquid-crystalhnity 7 
In previous work we reported on molecular clips, which are able to bind neutral 
molecules, e g l 8 and 29 These clip molecules contain a concave framework, which is 
based on the molecule diphenylglycoluril A cleft is formed when this framework is 
flanked by two aromatic walls Compound 1 (Figure 3 1A) has a rigid, well-defined 
binding site It can bind dihydroxybenzenes, which are clamped in the cavity of the 
receptor by hydrogen bonding and π-π stacking interactions (K
a
 = 2600+400 M"1) 
Hydrogen bonding takes place between the hydroxyl functions of the guest molecule 
and the carbonyl groups of the glycolunl moiety of the host molecule π-π Stacking 
occurs between the aromatic rings of host and guest The molecules of compound 2 
exist in three conformations (Figure 3 IB) anti anti (aa), sy/i anti (sa), and syn-si/n (ss) 
The conformers differ in the way the walls are oriented relative to the phenyl groups 
of the diphenylglycoluril part The molecules of 2 change from one conformation to 
another by the flipping of one naphthalene wall Only the aa conformer has the right 
geometry to bind electron poor aromatic guests in its cavity (K
a
 - 11S+20 M"1 for 1,3-
nitrobenzene in CDCI3) 9 
AA AS SS 
2 
Figure 3.1 Structures of receptor molecules 1 and 2. 
We assumed that by using receptor molecules of type 1 and 2 as building blocks for 
liquid-crystalline materials, the properties of these materials might be influenced by 
the binding of guest molecules. To investigate this we have modified 1 and 2 with 
four 3,4,5-tri-alkoxybenzoyl groups in order to create a central rigid core surrounded 
by flexible chains.10 
Liquid-crystallinity is dependent on, amongst other factors, the ability of the central 
cores of the molecules to stack. It occurred to us that the phenyl groups of the 
diphenylglycoluril moiety might be too bulky to permit good stacking. For this reason 
we also synthesized molecules derived from dimethylglycoluril. 
In this chapter we present the synthesis, characterization, and binding properties of 
clip molecules substituted with long aliphatic chains. The influence of complexation 
of guest molecules on the liquid-crystalline behavior of these molecules will be 
described. 
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3.2 Synthesis 
Reeeptor molecule 5 was synthesized in 75'/< vield bv refluxing compound 3 with an 
excess of hydroquinone in 1,2-dichloroethane in the presence ot /Moluenesulfonic acid 
as a catalyst ' ' The same procedure starting from 4 could be used for the synthesis of 
compound 6, giving almost the same vield Before trying to synthesize the target 
molecules 8 and 9 some test reactions were performed with benzoic acid and receptor 
molecule 5 First, the estenfication reaction of 5 with N,N -dicyclohexylcarbodiimide 
and dimothylaminopyndine in different solvents was attempted, but only 
ben7oylurea was obtained 1 2 In an alternative procedure a suspension of the host 
molecule with sodium hydride m THF wat, refluxed and after one hour benzoyl 
chloride was carefully added ^ This procedure enabled us to synthesize all our target 
molecules in yields ranging from 40 807c The syntheses of the target molecules 
derived from the receptor molecule with hydroquinone walls are presented in Scheme 
3 1 Those with 2,7-dihydroxynaphthalene walls are presented in Scheme 3 2 
Scheme 3.1 
N-4-N 
o=< I >=o 
IS"r-N 
О 
1R = Ph 
4 R - Me 
pTosOH 
• 
н
°лЗ~
о н 
Ν-Ψ-Ν 
o=< Τ >=o 
hvdroquinone t R ) 
H
° v 3 ~ O H 
5 R = Ph 
6 R = Me 
NaH/IHb 
R'O 
O r-\ О r= 
OR' 
R'(>4' ' h ^ O ^ _ V o - u — < w ) - O R ' 
R'O \ R > OR' 
o=< Τ >=o 
R'O ( R ) OR' 
R
 '
()
 лЗ~п- о -\~\- о irCà- OR ' W o w о ^—( 
R О OR' 
Com­
pound 
На 
8h 
St 
Kd 
R 
Ph 
Ph 
Ph 
Ph 
R' 
C 6 H 1 3 
4 H I 7 
C 10 H 21 
C 12 H 25 
Com­
pound 
9a 
9b 
R 
Me 
Me 
R' 
C I 0 H 2 1 
C 12 H 25 
29 
Scheme 3.2 
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3.3 Properties of the molecular clips derived from hydroquinone 
! H - N M R titrations8 were performed to determine the binding properties of the 
substituted molecular clips. The association constant for complexation of resorcinol 
(DHB) in compound 8a was calculated to be K
n
 = 1000 M"1. Substitution of a methoxy 
group (compound 1) with a modified benzoyl group (compound 8a) reduces the 
binding constant by a factor of approximately two. In order to study the influence of 
the length of the alkyl chains of the molecular clips on the binding properties, the 
association constants of the complexes between l,3-dihydroxy-5-pentylbenzene 
(pentylresorcinol) and 8a and 8d were determined. Pentylresorcinol was used instead 
of resorcinol because of the higher solubility of this guest. The association constants 
were calculated to be K
a
 = 605 M"1 for compound 8a and K
a
 = 645 M"1 for compound 
8d. Apparently, the length of the alkyl substituent does not significantly influence the 
binding properties of these receptor molecules. 
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Molecular clips 8a-d were designed to be liquid-crystalline materials. Remarkably, 
compounds 8a and 8b were found to be crystalline compounds with melting points of 
175°C and 159°C respectively. Compound 8c could only be crystallized by annealing 
for two hours at 81°C. The crystals melted at 93-96°C. Compound 8d did not 
crystallize even after annealing, but no mesophase could be detected either. In the 
case of 8a and 8b the rigid diphenylglycol framework clearly dominates the structure 
and, consequently, crystalline materials are obtained. Due to their longer flexible alkyl 
chains, compounds 8c and 8d were expected to be liquid-crystalline, but for some 
unknown reason this was not the case. On the other hand, molecular clips 9a and 9b, 
derived from dimethylglycoluril, displayed liquid-crystalline behavior. The nature of 
the optical textures, which were observed with polarizing microscopy, and the 
magnitudes of the enthalpy changes, which were measured by differential scanning 
calorimetry (DSC), indicated that a smectic phase was formed between 1°C and 225°C 
for compound 9a, and between -4°C and 160°C for compound 9b. Upon cooling an 
additional highly ordered smectic phase was visible for the latter compound (Figure 
3.2). Substitution of the phenyl groups on the convex side of the molecular clip with 
methyl groups leads, apparently, to liquid-crystalline properties. This is probably due 
to a decrease in steric bulk, allowing better stacking of the central cores of the 
molecules. 
-4°C 160°C 
K i = * M ' i 
-16°C 
51°C / 143°C 
M' 
Figure 3.2 Liquid-crystalline behavior of molecular clip 9b. Texture of the mesophase at 4U°C, as 
viewed under a polarizing microscope (right). 
3.4 Properties of the molecular clips derived from 2,7-dihydroxy-
naphthalene 
Interpretation of the Ή-NMR spectra of clips lla-c is complicated by the fact that 
these molecules have three conformations (aa, sa, and ss, Figure 3.1B), which 
interconvert slowly on the NMR-timescale. Earlier work performed in our laboratory 
showed that the binding of a suitable guest molecule in receptor molecule 2 increases 
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the relative amount of the an conformer, which is the dominant binding conformer.9 
We found that upon addition of an excess of resorcinol to a solution of one of the 
receptor molecules 11, the equilibrium of the conformcrs was almost completely 
shifted to the aa conformer (Figure 3.3). The resonances could be assigned by taking 
the following points into consideration: (/) the presence of a guest molecule in the cleft 
will significantly shift the signals, (//) placing a naphthyl group into the syn 
orientation will cause a considerable upfield shift of the naphthyl and phenyl signals, 
due to the ring current effects of these moieties, (///') the methylene protons of the sa 
conformer must give rise to two AX systems with equal intensity.9 The assignments of 
the most important signals of compound l ie are given in Table 3.1. The positions of 
the Ή NMR signals were found to be dependent on the concentration of receptor 
molecule lla-c, but the signals were independent of the chain length of the 
substituents. At the same concentration (5 mM), the ratio of the three conformers was, 
however, almost identical for the different clip molecules. The association constants 
for complexation of resorcinol, determined by 1Н NMR titration experiments, did not 
differ significantly for receptor molecules 11a and lie. These are calculated to be K
n
 = 
408 and 450 M"1, respectively. 
J-
Шим J / V_ 
u ψ « и 
Figure 3.3 Η NMR apatia of (a) molecular clip lic ami (b) lic with four vqiitvnlenb of resorcuwl 
(R). 
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Table 3.1 Alignment* of 'H NMR іе*оіішие* to íoiifoi ¡nation* of lie 
C o n f o r m e r 
sa 
ss 
aa 
C o n f o r m e r 
sa 
ss 
a a 
N C H H A r 
3 89(s),5 50(d) 
3 89 
3 42 
Ph-H(2 ,6) 
6 30(s),6 83(<i) 
-7 0 
691 
NCHWAr 
5 06Ы,4 31(,і) 
3 23 
4 16 
Ph-H(3,5) 
6 29(s),7 01(i7) 
6 23 
7 03 
N a p h t -
H(3,6) 
7 38(0,7 13(d) 
7 44 
7 23 
Ph-H(4) 
6 37(s),7 01((7) 
- 7 0 
6 92 
N a p h t -
H(4,5) 
7 91(-),7 38(d) 
7 73 
(RO),Ar-H 
7 69,7 33 
7 36 
7 66 
"lu CDCI-j with Ilici = 5 шМ Clwiniuil s/n/rs aie m ppm lelatioe to tetiametlii/hilane 
The designation (s) and (a) me u*ed foi *i/n ami miti, *ee tc\t ''Due to tlie low abundante 
of the ton foi nier οι complex iti/ of the signal*, но alignment* could be made 
Compounds l la-c nrc crystalline compounds with melting ranges ot 203-205°C tor 
П а , 177-179°C for l i b , and 159-164°C for l i e Upon fast cooling from the liquid state, 
compound l i e showed a thcrmodynamically unstable (monotropic) liquid-crystalline 
phase, viz a nema tic phase with a clearing point of 161°C 
3.5 Induction of liquid-crystallinity by complexation of guest molecules 
In order to study the influence of host-guest complexation on the melting behavior 
we prepared complexes of clip molecules 8 and 11 with dihydroxybenzene 
der ivat ives 1 4 Two different guest molecules, oiz resorcmol and methyl 3,5-
dihydroxybenzoate (MDB), were used The complexes with molecular clips 8 are 
described in Table 3 2 From earlier studies it is known that MD13 binds 
approximately six times as strongly as DHB in clip 1 ^^ 
Table 3.2 РІиы tian^itioii teinpcmtiiic· (°C) of LOiiiphii* of diln/dum/baizene deiivative* 
with moicLuiai i lip*. 8a-dli 
Clip 
8a 
8b 
8c 
8d 
Uncomplexed 
host 
К1751 
К1591 
K93-96I 
-
1:1 C o m p l e x wi th 
D H B 
K179°CI 
-
K47M64N81I 
K54S88I 
1:1 Complex wi th 
M D B 
K181I 
K149I 
K2M37S107I 
K48M59S102I 
"DHB l,3-dilu/dio\i/benzene, MDB methyl i,1-diln/dio\i/bcnzoate Value* wcie 
detci mined In/ DSC 
Complexation of guest molecules in clips 8a and 8b only slightly changes the 
melting points of the host molecules, as is described in Table 3 2 In clips 8c and 8d, 
и 
however, complexation of DHB or MDB induces a liquid-crystalline phase. The 
complex of 8c with DHB displayed a nematic phase directly after cooling, whereas the 
MDB complex of 8c and both complexes of 8d exhibited smectic-like phases (Figure 
3.4). For some complexes the more highly ordered mesophase (described as M in 
Table 3.2), which is present in the DSC-thermogram, could not be assigned 
unequivocally as the transition temperature of the mesophase upon cooling fell 
outside the temperature range of the polarizing microscope. A comparison of the data 
of the complexes in Table 3.2 show that the melting points of the complexes of 8a and 
8b are almost the same as the melting points of the free clips. For the liquid-crystalline 
complexes of 8c and 8d a broadening of the liquid crystalline range is observed when 
MDB, instead of DHB, is bound in the clip molecules. Remarkably, the MDB complex 
of 8c showed a liquid-crystalline phase over a wider temperature range, viz. 105°C, 
than the corresponding complex of 8d (54°C), whereas this difference is not that 
significant for the complexes of 8c and 8d with DHB. In general we may conclude that 
the rigid diphenylglycoluril framework is the determining factor for the melting 
behavior of 8a and 8b, whereas in the case of 8c and 8d the bulk of the alkyl chains is 
dominant. 
Temperature ( °C) * 
Figure 3.4 Thermogram of the 1:1 complex of DHB with 8d (left) and the texture of the mesophase at 
70°C, as viewed under a polarizing microscope (right). 
The influence of guest molecules on the melting behavior of molecular clips 11 is 
presented in Table 3.3. When a dihydroxybenzene derivative is bound in clip 11a only 
a decrease in the melting point was observed, whereas a corresponding complexation 
in clip l i b and l i e induced liquid-crystalline behavior, i.e. the formation of smectic 
and nematic phases. 
The smectic phases observed for the complexes of clip l i b covered only a small 
range of 10-15°C. For the complex with MDB a smectic phase was formed over such a 
small temperature range that peak separation was only obtained in the cooling curve 
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Table 3.3 Phase transition temperatures of complexes of dihydroxybenzene derivatives with 
molecular clips 11.a 
Clip 
11a 
l i b 
l i e 
Uncomplexed host 
K203-205I 
Kl 77-1791 
Kl 59-1641 
1:1 Complex with 
DHB 
K114S130Ib 
K14S78S'141I 
1:1 Complex with 
MDB 
K173Ib 
K124S134Ib 
K14N1311 
aDHB: 1,3-dihydroxybenzene, MDB: methyl 3,5-dihydroxybenzoate. Values were determined by 
DSC. Values were determined by polarizing microscopy. 
of the thermogram (Figure 3.5). An increase in the length of the alkyl chains as in the 
complexes with l i e , however, broadened the liquid-crystalline range to more than 
100°C. The complex of l i e with resorcinol exhibited two different smectic phases, 
whereas the complex with MDB displayed only one, nematic, phase. If the complexes 
of the three different clips are compared (Table 3.3), one can conclude that a decrease 
in the alkyl chain length is accompanied by a rapid increase of the melting point 
together with a relatively small change in the clearing point. At a certain chain length 
the melting point will become higher than the clearing point, which may explain why 
no mesophase is observed for the complex of MDB with 11a. 
Temperature ( °C) ~ 
Figure 3.5 Thermogram of the 1:1 complex of MDB with lib (left) and the texture of the mesophase at 
70°C as viewed under a polarizing microscope (right). 
3.6 Conclusions 
We have shown that clip molecules, derived from diphenyl- and dimethylglycoluril, 
modified with alkoxy substituted benzoyl groups can be conveniently prepared by an 
esterification reaction. The introduction of bulky tri-alkoxybenzoyl substituents 
decreases the binding of resorcinol derivatives in these receptor molecules compared 
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to Ihe methoxy derivative The length of the aliphatic chains (C6H-|-j to C ^ I ^ 
derivative) does not influence the binding strength 
Elongation of the alkyl substituent does not lead to liquid-crystalhnity in molecular 
clips 8a-d The dimethylglycolunl derivatives 9a and 9b, however, do have a 
mesophase Apparently, a smaller substituent on the convex side of these receptor 
molecules allows better stacking of the central cores In the case of the molecular clips 
with naphthalene walls, we were more successful in introducing liquid-crystalline 
properties by changing the length of the alkyl chains, oiz for compound l i e a 
monotropic liquid-crystalline phase was observed 
Complexation of DHB or MDB induces hquid-crystallinity in the trialkoxybenzoyl 
substituted clips, when the alkoxy groups are at least ten carbon atoms long The 
MDB complexes of 8c and 8d have more ordered liquid-crystalline phases over a 
wider temperature range than the complexes of DHB This effect is less pronounced in 
the complexes with clips 11a and l i b Apparently, enlargement of the rigid core from 
two 1,4-dihydroxybenzene to two 2,7-dihydroxynaphtaIene walls masks, to some 
extent, the influences of as well the alkyl substituents as the complexation of a guest 
molecule on the melting behavior In conclusion, the receptor molecules described arc 
very promising building blocks for the construction of liquid-crystalline materials As 
far as we know this is the first example of induction of liquid-crystalhnity in receptor 
molecules by the complexation of neutral guest molecules 
3.7 Experimental section 
General methods. 
СН 2СЬ was distilled from CaH 2 and THF from LiAlH4 For flash column chromatography 
Merck sihcagel 6ÜH was used Melting points were measured with a Jeneval polarizing 
microscope connected to a Linkam THMS 600 hot stage ^H NMR spectra were recorded on a 
Bruker AC-МО or a Bruker AM-400 spectrometer Chemical shift values are reported relative 
to tctramcthylsilane as an internal standard IR spectra were recorded on a Perkin-Elmer 298 
infrared spectrophotometer Elemental analyses were determined with a Carlo Erba ha 1108 
instrument Thermograms were recorded at a rate of 10°C/min using a Perkin Elmer DSC 7 
instrument Samples were prepared in stainless-steel large volume pans (75μ1) 
Dihydro-8b, 8c-dimethyl - IH, 3H, 4H, 5H, 7H, 8H - 2,6 - dioxa - 3a, 4a, 7a, 8a -
tetraazacyclopenta [def\ fluorene - 4, 8, dione (4). 
This compound was synthesized as described in ref 16 
5, 7, 12, 13b, 13c, 14 - Hexahydro - 1, 4, 8, 11 - tetrahydroxy - 13b, 13c - diphenyl - 6H, 13H -
5a, 6a, 12a, 13a - tetraazabenz [5, 6] azuleno [2,1, 8 - tja] benz [f] azulene - 6,13 - dione (5). 
This compound was synthesized from 3 according to a procedure developed previously in 
our laboratory u 
16 
5, 7,12,13b, 13c, 14 - Hexahydro -1, 4, 8, 11 - tetrahydroxy - 13b, 13c - dimethyl - 6H, 13H -
5a, 6a, 12a, 13a - tetraazabenz [5, 6] azuleno [2,1, 8 - tja] benz (f] azulene - 6,13 - dione (6). 
This compound was synthesized according to a procedure developed in our laboratory" 
using compound 4 (1 0 g, 3 9 mmol), pTosOH (3 0 g, 16 mmol) in 1,2-dichloroethane (30 ml), 
and hydroquinone (1 7 g, 15 mmol) In order to remove traces of water a suspension of 
product 6 in tnethvl orthoformate was heated under reflux for 1 h The precipitate was 
filtered, washed with CH2C12, and dried m encuo Yield 7ΊΆ Μ ρ > 22S°C (decomp ) 
] H NMR (DMSO-d(1 ppm) δ 6 43 (s, 4H, OH), 5 74 (s, 4H, АгП), 5 14 and 4 93 (2d, 8Н, CH 2N), 
1 7 (s, ЗН, СП,) FAB-MS (m-mtroben/vl alcohol, m/z) 439 (M+H) + 
3,4,5-Trialkoxybenzoyl chloride (7). 
The corresponding 3,4,5-tn-nlkoxyben7oii aud was refluxed in pure SOCl2 After 2 hrs the 
reaction mixture was evaporated to dryness ш vanto and the product was used without 
further purification 
17b, 17c - Dihydro - 1, 6, 10, 15 - tetrahydroxy - 17b, 17c - diphenyl - 7H, 8H, 9H, 16H, 17H, 
18H - 7a, 8a, 16a, 17a - tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4" : 5', 6', 7'| dicycloocta [1, 2, 3 -
de : 1', 2', 3' d'e'l dinaphtalene - 8,17 - dione (10). 
This compound was synthesized according to a procedure developed previously in our 
laboratory ' 7 
General procedure for the synthesis of compounds 8, 9, and 11. 
Receptor molecule 5, 6, or 10 (n mmol) and NaH (lOn mmol) were refluxed for 1 h in THF 
(lOn ml) The appropriate 3,4,5-tnalkoxvbenzoyl chloride 7 (4 4 equiv ), in a mixture of 
THF/CH2CI2 0 1 v/v, 5n ml), was added The mixture was stirred for 2-24 hrs and 
subsequently quenched with a few drops of water The solvent was evaporated under 
reduced pressure and the residue was dissolved in СНСЦ The organic layer was extracted 
(2x) with IN aqueous HCl, then with 1120, and dried (MgS04) The crude product was 
subjected to flash column chromatography (eluent ethyl acetate hexane 1 19-25 v/v) 
5, 7,12,13b, 13c, 14 - Hexahydro -1, 4, 8, 11 - tetra (3,4,5 - trihexyloxy)benzyloxy - 13b, 13c -
diphenyl - 6H, 13H - 5a, 6a, 12a, 13a - tetraazabenz [5, 61 azuleno [2, 1, 8 - ija] benz [f] 
azulene - 6,13 - dione (8a). 
Yield 507, К 175°C Ι Ή NMR (CDC1V ppm) δ 7 57 (s, 8H, ArH(OR),), 7 15 (s, 4H, АгН), 7 03 
(br s, ЮН, АгН), 5 25 (d, 4Н, NCHHAr, J_16Hz), 4 22-3 73 (m, 28H, NCHHAr and OCH2), 
2 00-1 10 (m, 96H, OCH2(CH2)4), 0 88 (t, 36H, O C H ^ C H ^ C H , ) FAB-MS (m-nitroben/yl 
alcohol, m/z) 2179 (M+H)+ Anal ( C
n 2 H , S h N 4 0 2 2 ) C, Η, N caled, 72 70, 8 60, 2 57, found, 
72 48, 8 55, 2 61 
5, 7, 12, 13b, 13c, 14 - Hexahydro - 1, 4, 8, 11 - tetra (3,4,5 - trioctyloxy)benzyloxy - 13b, 13c -
diphenyl - diri, 13H - 5a, 6a, 12a, 13a - tetraazabenz 15, 6] azuleno [2, 1, 8 - tja] benz If] 
azulene - 6,13 - dione (8b). 
M 
Yield 78 У, К 159ÜC Ι Ή NMR (CDC1-,, ppm) δ 7 56 (s, 8H, ArH(OR),), 7 13 (ь, 4H, ArH), 7 00 
(br ь, ЮН, АгН), 5 23 (d, 4Н, NCHHAr, J=16Hz), 4 22-3 78 (m, 28H, NCHHAr and OCH2), 
2 00-1 10 (m, 144H, OCH2(CH2)h), 0 88 (t, 36H, OCH2(CH2)òCH3) Anal (C1S6H214N4022) С, 
H, N caled, 74 43, 9 37, 2 23, found, 74 60, 9 58, 2 24 
5, 7,12, 13b, 13c, 14 - Hexahydro - 1 , 4, 8, 11 - tetra (3,4,5 - tridecyloxy)benzyloxy - 13b, 13c -
diphenyl - 6H, 13H - 5a, 6a, 12a, 13a - tetraazabenz [5, 6] azuleno [2, 1, 8 - і/й] benz [f] 
azulene - 6,13 - dione (8c). 
Yield 409Í К 93-96°C I 1 H NMR (CDC1,, ppm) δ 7 58 (s, 8H, ArH(OR)·,), 7 16 (s, 4H, ArH), 
7 00 (br s, 10H, ArH), 5 22 (d, 4H, NCHHAr, J = 16H/), 4 39-3 79 (m, 28H, NCHHAr and 
OCH2), 2 00-112 (m, 192H, OCH2(CH2)8), 0 87 (t, 36H, ОСН2(СН2)яСНя) Anal 
(C 1 H 0 H 2 K 2 N 4 O 2 2 ) C, H, N caled, 75 75, 9 96,1 96, found, 75 18, 9 98,1 92 
5, 7,12,13b, 13c, 14 - Hexahydro -1, 4, 8,11 - tetra (3,4,5 - tridodecyloxy)benzyloxy - 13b, 13c 
- diphenyl - 6H, 13H - 5a, 6a, 12a, 13a - tetraazabenz 15, 6] azuleno [2, 1, 8 - ija] benz [f] 
azulene - 6,13 - dione (8d). 
Yield 43% Ή NMR (CDCl,, ppm) δ 7 59 (s, 8H, ArH(OR)·,), 7 16 (s, 4H, ArH), 7 07-7 05 (m, 
6H, ArH), 6 98-6 96 (m, 4H, ArH), 5 22 and 3 93 (2*d, 8H, NCHHAr, J=16Hz), 4 09-3 96 (m, 
24H, OCH2), 182-126 (m, 240H, OCH2(CH2),0CI I v 0 87 (t, 36H, CH,) Anal 
( C 2 0 4 H ^ „ N 4 O 2 2 ) C, H, N caled, 76 79,10 42,1 76, found, 76 44,10 57,1 82 
5, 7,12,13b, 13c, 14 - Hexahydro - 1, 4, 8, 11 - tetra (3,4,5 - tridecyloxy)benzyloxy - 13b, 13c -
dimethyl - 6H, 13H - 5a, 6a, 12a, 13a - tetraazabenz 15, 6J azuleno [2, 1, 8 - ηα\ benz [f] 
azulene - 6,13 - dione (9a). 
Yield 63% К 1°C M 225°C Ι Ή NMR (CDCI,, ppm) δ 7 54 (s, 8H, ArH(OR)-,), 7 14 (s, 4H, 
ArH), 5 12 (d, 4H, NCHHAr, J=16Hz), 4 28-3 77 (m, 28H, NCHHAr and OCH2), 2 00-1 10 (m, 
198H, CH^ and OCH2(CH2)4), 0 88 (t, 36H, OCH2(CH2)8CH·,) Anal ( C i 7 0 H 2 7 8 N 4 O 2 2 ) C, H, 
N caled, 74 79,10 26, 2 05, found, 74 55,10 51, 2 08 
5, 7,12,13b, 13c, 14 - Hexahydro -1, 4, 8,11 - tetra (3,4,5 - tridodecyloxy)benzyloxy - 13b, 13c 
- dimethyl - 6H, 13H - 5a, 6a, 12a, 13a - tetraazabenz [5, 6] azuleno [2, 1, 8 - tja] benz [f] 
azulene - 6,13 - dione (9b). 
Yield 37% К -4°C M 160°C I ] H NMR (CDC1·,, ppm) δ 7 54 (s, 8H, ArH(OR)-,), 7 14 (s, 4H, 
ArH), 5 12(d, 8H, NCHHAr, J=16Hz), 4 24-3 73 (m, 28H, NCHHAr and OCH2), 2 00-1 10 (m, 
246H, CH, and OCH 2(CH 2) 1 0CH,), 0 88 (t, 36H, CH,) Anal ( C i q 4 H , 2 6 N 4 0 2 2 ) C, H, N caled, 
75 98,10 71,1 83, found, 75 89, 10 70,1 87 
17b, 17c - Dihydro - 1, 6, 10, 15 - tetra (3,4,5 - trioctyloxy)benzyloxy - 17b, 17c - diphenyl -
7H, 8H, 9H, 16H, 17H, 18H - 7a, 8a, 16a, 17a - tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4" : 5', 6', 
7'J dicyclooeta [1, 2, 3 - de : 1', 2', 3' d'e'] dinaphtalene - 8,17 - dione (lia). 
Yield 637, К 204°C Ι Ή NMR (CDCl·,, ppm) see Table 3 1 for uncomplexed host, host-guest 
complex δ host 7 66 (s, 8H, ArH(OR)-,), 7 41 and 7 01 (2d, 8H, naph-H, J=8 9Hz), 7 15-7 04 
(m, 6H, ArH), 6 94 (d, 4H, ArH), 5 41 and 4 15 (2d, 8H, NCHHAr, J=16,8Hz), 4 13-3 85 (m, 
24H, OCH2), 189-109 (m, 144H, OCH2(CH2)1 0CH·,), 0 98-0 80 (m, 3611, CH,), guest 
18 
(resorcinol)6 83(t), 6 12 (dd), 5 40 (s), 5 27 (br s) Anal (CwH 2 1 ¡ (N 40 2 : ) С, H, N oiled, 75 25, 
9 16, 2 14, found, 74 96, 9 22, 2 19 
17b, 17c - Dihydro - 1, 6, 10, 15 - tetra (3,4,5 - tridecyloxy)benzyloxy - 17b, 17c - diphenyl -
7H, 8H, 9H, 16H, 17H, 18H - 7a, 8a, 16a, 17a - tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4" : 5', 6', 
7'] dicycloocta Ц, 2, 3 - de : 1', 2', 3' d'e'J dinaphtalene - 8,17 - dione (lib). 
Yield 407, К 178"C Ι Ή NMR (CDCl-,, ppm) see Table 31 for uncompleted host, host-guest 
complex δ host 7 68 (s, 8H, ArH(OR)·,), 7 45 and 7 00 (2d, 8H, naph H, J=8 9Hz), 7 13-7 04 (m, 
6H, ArH), 6 94 (d, 4H, ArH), 5 42 and 4 15 (2d, 811, NCI IHAr, J=16,8Hz), 4 13-3 78 (m, 2411, 
OCH2), 1 87-1 18 (m, 192H, OCH2(CH2)inCH·,), 0 95-0 81 (m, 36H, CH-,), guest (resorcinol) 
6 93 (t), 6 24 (dd), 5 60(br s, s) Anal (C 1 8 i i H 2 b ( ,N 4 0 2 2 ) C, Η, N caled, 76 43, 9 76, 1 90, found, 
76 12,9 48, 1 95 
17b, 17c - Dihydro - 1 , 6,10,15 - tetra (3,4,5 - tridodecyloxy)benzyloxy - 17b, 17c - diphenyl -
7H, 8H, 9H, 16H, 17H, 18H - 7a, 8a, 16a, 17a - tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4" : 5', 6', 
7'] dicycloocta [1, 2, 3 - de : 1', 2', 3' d'e'l dinaphtalene - 8,17 - dione (lie). 
Yield 57е/, К 159-162°C Ι Ή NMR (CDC1V ppm) see Table 3 1 for uncomplcxcd host, host-
guest complex δ hobt 7 67 (ь, 8H, ArH(ORH), 7 44 and 6 99 (2d, 8H, nnph-H, J=8 9Hz), 7 11-
7 05 (m, 6H, ArH), 6 94 (d, 4H, ArH), 5 41 and 4 14 (2d, 811, NCI ІПАг, J=16 811z), 4 12-3 84 
(m, 24H, OCLbb 184-108 (m, 240Ή, OCH2(CH2)mCH-¡), 104-0 80 (m, 36H, CH-,), guest 
(resorcinol) 6 90 (t), 6 21 (dd), 5 75(br s), 5 49(s) Anal (C212H-,-,4N4022) C, H, N caled, 77 37, 
10 23,1 70, found, 77 13,10 56,1 67 
Complex formation. 
The 1 1 complexes were prepared bv mixing ca 20 mg of clip molecule (5-10 10 '' mol) and an 
equimolar amount (between 0 7-1 5 mg) of guest (5-10 10 fi mol) in 0 2 ml of CUCI-, If 
necessary 1-3 drops of acetone were added The solvent was slowly evaporated overnight at 
4()°C, and the complexes were dried at room temperature using high vacuum 
For the DSC-measurements en 10 mg of complex was weighed out m a stninless-steel large 
volume pan (75μ1) Thermograms were recorded at l()°C/min and repeated heating and 
cooling runs were recorded to study the stability of the complex and the reproducibility of the 
measurements Polarizing microscopy was carried out using the same heating and cooling 
rates 
Results of the DSC measurements: 
Complex 8a-DHB (1:1) К (179°C / 65 87 kj/mol) I 
Complex 8a-MDB (1:1) К (181 "С / 57 72 kj/mol) 1 
Complex 8b-MDB (1:1) К (149°C / 28 20 kj/mol) I 
Complex 8c-DHB (1:1) К (47°C / 50 75 kj/mol) M (64"C / 0 92 kj/mol)) M (81 "С / 3 91 
kj/mol) I 
Complex 8C-MDB (1:1) К (2°C / 37()5kJ/mol) M (37°C / 0 57kJ/moD) M (107°C / 16 86 
kJ/mol)l 
Complex 8d-DHB (1:1) К (54°C / 79 19 kj/mol) M (88"C / 15 01 kj/mol)) I 
?y 
Complex 8d-MDB (1:1) К (48°C / 47 06 kj/mol) M (59°C / 1 27 kJ/moD) M (1()2°C / 29 96 
kj/mol) I 
Complex l l b - D H B (1:1) К (114"C / 22 56 kj/mol) M (130°C / 1 99 kj/mol) I 
Complex l l b - M D B (1:1) К (129°C / 25 17 kj/mol) I 
Complex l l c - D H B (1:1) К (14°C / 58 40 kj/mol) M (78°C / 1 12 kj/mol)) M (141°C / 9 18 
k j / m o l ) ! 
Complex l l c - M D B (1:1) К (14°C / 68 56 kj/mol) M (131°C / 3 53 kj/mol) 1 
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CHAPTER 4 
Induction of liquid-crystallinity in receptor molecules 
by binding of different types of guest molecules 
4.1 Introduction 
In the last two decades attention in supramolecular chemistry has gradually shifted 
from the host-guest binding of alkali metals in crown ethers to the complexation of 
neutral molecules in different types of synthetic receptors2 Current efforts are 
directed towards the design of more sophisticated host molecules which can bind 
guests by an induced fit or allostenc mechanism 3 5 Much of this research is inspired 
bv the elegant molecular systems found in nature, which operate by similar 
mechanisms, leading to efficient catalysis or in a number of cases to the induction of 
special (materials) properties A similar incentive underlies the work presented in this 
chapter In a number of recent studies the binding of protein molecules to specific 
domains of nucleic acid chains has been described 6 Some of these proteins are dimers 
having the shape of a super clip or super tweezer, as m the case of the Gene V protein 
encoded by bacteriophage M13, which binds to single stranded DNA chains and 
changes the physical properties of these biomolecules 7 This particular example from 
nature inspired us to design a synthetic clip molecule (1) which can bind to a polymer 
chain by an induced fit mechanism The intention was to change the properties of the 
polymer, ι с to make it liquid crystalline Clip 1 has been described in chapter 3 It 
' о Ч[>ос12н2, 
O C p H , 
>=o 
«-.2^.0-(3-n ° 
ι— о ^^^^^ 
с 1 2 н 2 ,о 
OC 1 2H,, 
'° H ^ V O C 1 2 H 2 5 
ос H„ 
contains twelve long aliphatic tails and can bind dihydroxybenzene derivatives As a 
result of this host-guest binding liquid-crystalline phases are induced In this chapter 
we will demonstrate that the idea of making polymers liquid-crystalline by host-guest 
interactions is viable Furthermore, we will show that the concept is general and can 
be extended to other host-guest combinations (see Figure 4 1 ) 
Figure 4 1 Sclmnntu ι (pi omental юн of tin liquid ay^tallim uwi/i/eu·· Hint can lu obtained fioin dip 
1 and diffiicnt fi/;«s of gut.^1 шоішііеъ 
4.2 Description of the receptor molecule 
The most important structural features of clip 1 are a concave framework composed 
of two urea units and two methylene linked aromatic walls Guest molecules can be 
clamped between these walls and held by π-π stacking interactions and hydrogen 
bonding to the urea carbonyl functions Binding occurs by an induced fit mechanism 
one of the walls of 1 flips u p to form a cleft which accommodates the guest The 
twelve long hydrocarbon chains of 1 were attached to the central framework by an 
estenfication reaction of 1, R=H with 3,4,S-tn(dodecanoxy)benzoyl chloride, as 
described in chapter 3 In CDCI3 solution 1 exists as a mixture of three conformcrs 
(designated as ss as, and aa), which interconvert slowly on the NMR time scale NMR-
data showed that at 25°C, Ы'/с of the molecules are in the os, 337c in the aa, and 6c/< in 
the ss conformation Upon addition of an excess of the guest resorcinol the as 
conformer is completely converted into the mi conformer, which is the binding species 
in solution (Figure 4 2) From a ] H NMR titration the association constant for 
resorcinol was calculated to be K
a
 = 400 M 1 8 
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ßb ,r resorcinol 
Figure 4.2 Binding of resorcinol in clip molecule 1 
4.3 Synthesis of the guest molecules 
Building blocks 
Diprotected dihydroxybenzene derivatives were used as building blocks for the 
synthesis of the different guest molecules. Methyl 3,5-dihydroxybenzoate was reacted 
with the appropriate bromide to give methyl 3,5-diallyloxybenzoate (2a) and methyl 
3,5-dibenzyloxybenzoate (2b) in 75 and 979Î yield, respectively. Saponification of the 
methyl esters 2 gave the corresponding benzoic acids 3 in good yields, which were 
used in the further syntheses 
Scheme 4.1 
M e t K / O 
OH RO 
2X = OMe η aR= CH2CH=CH2 (All) 
3X = OH J bR= CH2Ph(Bn) 
¡afunctional guest molecules" 
Hydroquinone was used as a spacer m the bifunctional molecule 5 (Scheme 4.2). This 
compound was synthesized from the allyloxybenzoic acid 3a and hydroquinone by an 
esterification reaction using carbon tetrachloride, tnphenylposphine, and 
triethylamine, a method that is very suitable for the synthesis of phenyl esters of 
benzoic acids.9 The protected guest 4 was isolated in 617c yield. For the removal of the 
allyl groups, compound 4 was treated with palladium(II) acetate, triphenylphosphine, 
" Bifuninonal teaafuiulumai cu lefeis to the nimibei of I i-dilndiowben:ene fitiulion\ in the quest molende 
that ι an he captili ed b\ ι lip molei ule 1 
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and tnethvlammonium formate Purification of 5 by extraction from the reaction 
mixture appeared to be troublesome Precipitation ot an acetone solution of the crude 
product in water yielded, however, 9(Y/, of pure guest 5 As purification problems in 
the synthesis ot the other guest molecules were anticipated, we decided to use the 
ben7vl protected benzoic acid for further reactions The benzyl groups in the reaction 
products can be cleanly removed by catalytic hydrogenolvsis 1 ( 1 
Scheme 4.2 
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Another bifunctional guest which was synthesized contained a chiral spacer derived 
from tartaric acid (Scheme 4 4) Reaction of benzoic acid 3b, N,N-
carbonyldnmida7ole, and the L(+)-dioctyl tartrate in toluene proceeded smoothly and 
afforded the protected dimcric guest 6 in 814 yield Deprotection of the benzyl 
groups was achieved by catalytic hydrogcnolysis in ethanol to give 7 in 86'/r yield 
Scheme 4.3 
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Tetrafunctional guest molecule based on a porphyrin 
The synthesis of 2,6-disubstituted tetraphenylporphynns has been described in the 
literature 1 2 The same synthetic route was used for the preparation of the 3,5-
disubstituted derivatives Reaction of 3,5-dimcthoxybenzaldehyde and pyrrole in 
propionic acid gave the protected porphyrin 8a in 53f7< yield Deprotection of the 
methoxy groups by boron tnbromide m СН2СІ2 yielded the tetrafunctional guest 8b 
m 947, 
Scheme 4.4 
MeO OVle 
RO 
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OR 
8a R = Me 
8bK = H 
Polyfunctional guest molecules 
The polyfunctional guest molecules were synthesized by radical polymerization 
reactions of styrene derivatives Since phenol and related hydroxy substituted 
aromatic compounds are known to be inhibitors or retnrders of radical 
polymerizations, protected styrene derivatives were used '"* Starting from methyl 
benzoate 2b, three steps were necessary to synthesize the disubstituted styrene 
derivative 11 (Scheme 4 5) Unfortunately, a selective reduction of compound 2b with 
Scheme 4.5 
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dnsobutylaluminium hydride in CH2CI2 did not result in benzaldehyde 10 but in a 
mixture of benzyl alcohol 9 and starting material Methyl benzoate 2b was, therefore, 
first reduced to 9 with lithium aluminium hydride (8T7( yield) and the latter 
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compound was subsequently oxidized by a Swern oxidation, using oxalyl chloride, 
dimethylsulfoxide, and triethylamme in СН 2 С1 2 , to afford 10 (749? yield). This 
benzaldehyde could be transformed into styrene 11 by a Wittig reaction with 
methyltr iphenylphosphonium bromide and butyllithium in THF p-Benzyloxystyrene 
13 was synthesized in two steps (Scheme 4 6), viz. protection of p-hydroxy-
benzaldehyde with benzyl bromide to give 12 and conversion of the latter 
benzaldehyde into styrene 13 by the Wittig reaction described above with an overall 
yield of 69%. 
Scheme 4.6 
1^ CH^PPh, 1^ 
OBn OBn 
12 13 
Copolymerization reactions were carried out using styrene (S) and the 
benzyloxystyrene derivatives 11 and 13 as monomers and azobisisobutyronitrile 
(AIBN) as an initiator in butanone at 80°C (Scheme 4.7). The results are presented in 
Table 4 1. The reaction of the disubstituted styrene 11 and styrene in a 1.2 to 1 ratio 
Table 4.1 Results of copoh/meiization reactions of styicne and styiene derivatives Composition 
and pin/sical pioperties of the copolymers a 
Como-
nomer 
(BS) 
11 
13 
-
Comono-
mer ratio 
(BS : S) 
0 55 0 45 
0 58 0.42 
-
Polymer 
14 
16 
18 
Polymer 
yield 
(%) 
85 
90 
-
Composition 
of polymer 
(X : 1-Х) 
0.55 . 0.45 
0 72 · 0 28 
-
M c 
35500 
22000 
24000 
M
w
/ M
n 
2 26 
2.46 
2 38 
a) S = styrene, BS = benzyl protected styrene deuvatwe, b) determined by elemental anaH/sis, 
L) determined by CPC 
produced copolymer 14. The composition of 14, which corresponds to the monomer 
feed, was determined by elemental analysis. Copolymerization of monosubstituted 
styrene 13 with styrene (ratio 13/S=1.4) resulted m the formation of 16. As can be seen 
in Table 4.1, copolymer 16 contains 2.6 repeat units of 13 for every styrene unit. 
Apparently, styrene 13 is more reactive in the copolymerization reaction than non-
substituted styrene. The molecular weight (M
u
.) and molecular weight distribution 
46 
( M
w
/ M
n
) were determined by gel permeation chromatography (GPC). The results are 
also given in Table 4.1 Deprotection of the benzyl groups of the polymers appeared 
to be very difficult, only starting material was recovered after catalytic 
hydrogenolysis or reaction with tnmethylsilyl iodide We succeeded in achieving 
quantitative deprotection by treating copolymer 14 and 16 with HBr m acetic acid 
Copolymers 15 and 17 were isolated by precipitation. 
Scheme 4.7 
16 17 
Copolymer 17 was estenfied with benzoic acid derivative 3b using the РРІіз/ССЦ 
method described above for compound 4 (Scheme 4.8). The yield of the estenfication 
reaction was calculated from the molecular weight ( M
w
) of the resulting polymer 18 
Assuming that the behavior of polymers 17 and 18 during the GPC measurements is 
similar, we estimated that 369? of the hydroxyl functions had reacted. Quantitative 
removal of the benzyl groups of 18 with hydrobromic acid in acetic acid was possible 
without noticeable hydrolysis of the ester functions in copolymer 19. 
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Scheme 4.8 
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4.4 Complex formation 
As described in chapter 3, compound 1 displays, in the first and subsequent heating 
and cooling runs, a reversible K-I transition at 159-164°C Utilizing fast cooling to 
prevent crystallization, a monotropic liquid-crystalline phase with a clearing 
temperature of 161°C is observed 8 The binding of л dihydroxybenzene derivative in 
1 changes this behavior and induces reversible liquid-crystalline behavior (chapter 3) 
In the present chapter we describe the influence of different concentrations of low 
molecular weight guest molecules and the complexation of mono-, bi-, tetra-, and 
polyfunctional guest molecules on the mesogenic properties of receptor molecule 1 
Two different procedures were used to prepare the host-guest complexes Initially, 
complexes were prepared by dissolving the two components in a СНСЦ-methanol 
mixture and allowing the solvent to evaporate slowly at room temperature In a latter 
stage of these investigations it was discovered that dissolving the host and the guest 
in a mixture of СНСЦ and acetone and evaporating at 40°C was a better procedure 
The complexes obtained were soluble in chloroform, whereas most of the guest 
48 
molecules v\ere not soluble in this solvent, which indicated that a complexation 
reaction had taken place 
4.5 Polarizing microscopy and DSC measurements 
Monofunctional guest molecules 
A l l complex of 1 and resorcinol (Ktl = 400 Μ Ί), prepared using CHCl-¡-methant>l as 
the solvent mixture, showed a smechc phase with a clearing temperature of 110°C 
After repented heating and cooling, phase separation took place, indicating that the 
complex was unstable when prepared from this solvent mixture In contrast to 
resorcinol, methyl 3,S-dihydroxybenzoatc (MDB, estimated К
л
 = 2300 M ') formed a 
stable complex with 1 and also a thermodynamically stable hquid-crystalline phase 
Guest Κ Μ I 
O.leqim. | ^ M Crystalline phase (K) 
0.2equiv. ^ ^ H Smectic phases < M ) 
0.3 equiv. _ 
Nematic phase (M) 
l.Oequh. ^ ^ | ^ ^ | ^ ^ ^ | Isotropic phase (I) 
0 50 100 150 200 
lemperature ( °C) 
Figure 4.3 Liquid tii/sfii///i/i beliiwioi of dip I ui ÌÌIL pillimi of diffmiü amount·* of mitln/l 3 5-
diin/dio\i/b¡.iuoiitt 
Variation of the host-guest ratio gave rise to the appearance of different mesophases 
covering a wide temperature range as shown in Figure 4 3 The classification of the 
mesophases was derived from the optical textures that were visible under a polarizing 
microscope and from the magnitude of the enthalpy changes measured by DSC (Table 
4 2) At low concentrations of guest two mesophases were present, which were 
interpreted as being smectic phases (biréfringent mosaic type textures) At higher 
concentrations of guest only a nematic phase was visible (biréfringent texture and 
small enthalpy changes in DSC) Figure 4 3 shows that an increase in the amount of 
guest molecule is accompanied by a slight change of the melting point, whereas a 
large decrease of the clearing point is observed Apparently, complexation of guest 
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molecules in the cleft of 1 influences to an appreciable extent the stacking of the rigid 
central frameworks of the molecules, but has almost no effect on the packing of the 
alkyl chains, and consequently has almost no influence on the melting point 
Table 4.2 Phase tiaiisition tempeiaturcs and enthalpy chanci"· of liquid ingialline complets of 1 
and MDB, detc ι mined by DSC a 
Equiv. 
guest 
01 
02 
0 3 
1 0 
Transition 
K->S 
s->s 
S ->I 
K->S 
s^s 
S ->I 
K ^ S 
s^s 
S -»I 
K->N 
Ν ->I 
Temp. 
(°C) 
0[8] 
95[86] 
144[136| 
-1[8] 
84178J 
141ЦЗЗ] 
-3[-l3] 
82[74] 
131Ц27] 
-4[ 12] 
110[941 
ΔΗ 
(kj/mol) 
58 8 
10 
59 
50 6 
15 
5 3 
45 6 
21 
38 
29 5 
1 1 
a
 Strutturai assignments are based on polaiizmg microscopy experiments 
"K in/stalltne рііаье, S sweetie phase N ncmatic phase, I isotiopic phase The values m pai entílese* 
are obtained from cooling runs 
These results suggest that unstable complexes do not lead to stable hquid-crystalhne 
phases Since we found later that complexes prepared by evaporation of a CHCI3-
acetone solution are more stable than those prepared from СНСІз-МеОН, also in the 
case of resorcinol as the guest We turned to the former solvent mixture for all our 
further experiments 
Btfunctwnal guest molecules 
The bifunctional guest 5 contains two resorcinol groups, which are linked by a rigid 
spacer A l l complex of this molecule with receptor 1 displayed in the first heating 
run two smectic phases between 49 and 157°C (Table 4 3) During the subsequent 
cooling and heating runs the complex decomposed and only crystalline material of 
the uncomplexed host and guest was left Apparently, the hydroquinone spacer in 5 
has an unfavourable influence on the stability of the liquid-crystalline complex To 
prove that this instability originates from the rigidity of the spacer rather than from 
substitution of the phenyl ring itself, a l l complex of 1 and phenyl 3,5-
dihydroxybenzoate, the monomeric analogue of 5, was prepared Two reversible 
smectic-hke phases were observed for this complex by polarizing microscopy 
<¡o 
Table 4.3 Phase transition temperatures and enthalpy changes of liquid-crystalline complexes of 1 and 
¡afunctional guest molecules.a 
Guest 
5 
7 
7 
Host-guest ratio 
1:1 
2:1 
1:1 
Transition 
K->S 
S-»S ' 
S'->I 
K->S 
S->S' 
S ' -»I 
K ^ S ' 
S'->I 
Temp. (°C) 
49 
90 
157 
18[4] 
111[102] 
133[121] 
12[-2] 
114199] 
ΔΗ (kj/mol) 
123.7 
12.4 
24.8 
135.5 
3.9 
9.9 
66.2 
6.8 
a
 Determined by DSC. K: crystalline phase, S: smectic phase, I: isotropic phase. The values in 
parentheses are obtained from cooling runs. Structural assignments are based on polarizing 
microscopy measurements. 
An enhancement of the stability of the complex could be achieved by introducing a 
more flexible connection, a chiral spacer derived from L(+)-dioctyl tartrate, between 
the resorcinol functions in the guest (compound 7). Addition of receptor molecule 1 to 
7 in a CHCl^-acetone solution in a 2:1 host-guest ratio led, after evaporation, to the 
В Receptor K M I 
0 50 KM) 150 200 ШШШ Isotropic phase (I) 
• 
Temperature ( °C) 
Figure 4.4 (A) Textures of the smectic mesophases of the 2:1 host-guest complex of 1 and 7 
observed at 95°C (left) and at 105°C (right), as viewed under the polarizing microscopy during a 
cooling run from the isotropic phase. (B) Influence of the host-guest ratio on the liquid-crystalline 
behavior of the complex. 
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formation of a complex, which displayed two reversible liquid-crystalline phases 
(Table 4 3) The crystalline 2 1 host-guest complex displayed a smectic phase between 
18 and 111°C and a smectic phase of lower order between 111°C and 133"C (Table 
4 3) The objective of using the chiral dioctvl tartrate spacer was to induce chirahty at 
the macroscopic level, but, unfortunately, no chiral textures were observed (Figure 
4 4) For this guest molecule we also studied the influence of the host-guest ratio on 
the liquid-crystalline properties of the complex The 1 1 complex exhibited only one 
liquid-crystalline phase between 12 and 114°C, which corresponds with the lower 
ordered smectic phase of the 2 1 complex As can be seen from Table 4 3 and Figure 
4 4 the complexation of more than one molecule ot 1 to 7 hardly influences the melting 
point, whereas the clearing point is strongly affected 
Tetrafuncttonal guest molecule 
The tetra functional guest molecule was a porphyrin modified at the meso-positions 
with 3,5-dihydroxvphenyl groups (8b) When four receptor molecules 1 were bound 
to porphyrin 8b, two almost identical smectic phases were generated, which were 
separated by a transition with a small enthalpy change at 127°C (Table 4 4) To show 
that binding in the cleft is necessary for inducing the mesogenic properties we also 
used a porphyrin modified with 2,6-dihydroxyphenyl groups 1 2 Because of stenc 
constraints this porphyrin is not able to form hydrogen bonds with the carbonyl 
functions in the cleft of molecular clip 1 With the 2,6-disubstituted porphyrin no 
hquid-crystalhne behavior could be observed The influence of the host-guest ratio on 
the liquid-crystalline properties of the porphyrin will be described in chapter 5 
Table 4.4 Phase tiansition temperatine·· ami tnthnlpy change·' of a 4 3 complex of 1 ami poipln/iin 
8b * 
Transition Temp.(°C) AH (kj/nwl) 
K-^S 17151 157 4 
S^>S 127[ 115] 2 50 
S ->I 14911321 27 0 
l1
 De tei mined In/ DSC К ci istalline phase S sineilic pliage I /sufi о/ж phase ТІн oaliies m 
paieiitlieses aie obtaimd fiom cooling unis StntLtiiial alignment·· au baveri on polanziiif 
iniciosLopi/ mensili emails 
Ρ ohi functional guest molecules 
Stimulated by the results obtained with the low molecular weight guest molecules 
we investigated the possibilities of inducing hquid-crystallinity in polymers The 
complex of copolymer 19 (21 ιηο1% of 1,3 dihvdroxybenzcnc functions) with 
molecular clip 1 (ratio 1/ modified and unmodified 4-HS = 1 1) was found to give a 
very stable liquid-crystalline phase from 30 to 141°C (Table 4 5) with a discotic-hke 
Í 2 
texture (Figure 4.5), which was clearly different from the smectic-like textures of the 
complexes of 1 with the low molecular weight guests. Apparently, complexation 
induces a structural change in 1 from an overall rod-like to a disc-like shape (Figure 
4.6). Probably the polymer chain forces the trialkoxybenzoyl groups to rotate away 
from the plane of the receptor walls. In this way the rigid central part of the complex 
becomes completely surrounded by the twelve aliphatic chains. 
50 100 ISO 
Temperature ( " O 
Figure 4.5 Thermogram of the complex of polymeric guest molecule 19 with clip 1 (left) and the 
discotic-like textures observed at 120°C, viewed under the polarizing microscope during a cooling run 
from the isotropic liquid (right). 
ROD-LIKE STRUCTURE DISC-LIKE STRICI IRK 
Figure 4.6 Proposed shape of receptor molecule 1 in the host-guest complexes: rod-like structure in the 
case of low molecular weight guests (left), disc-like structure in the case of polymeric guests. 
In copolymer (15) the dihydroxybenzene (DHB) moieties are directly attached to the 
polymer backbone. When receptor molecule 1 was added to polymer 15 in a 1:1 ratio 
(based on the number of 3,5-dihydroxybenzene units in 15) the DSC-thermogram 
53 
showed the presence of free receptor molecules 1. A 1:2 complex (clip 1 : DHB units) 
was, therefore, prepared, which resulted in the induction of reversible liquid-
crystalline phases, viz. from 21 to 86°C and from 86 to 131°C. The former phase was a 
more highly ordered one (Figure 4.7). Its texture resembled a crystalline phase, the 
value of the enthalpy change measured by DSC was more in line with a liquid-
crystalline phase. The high temperature liquid-crystalline phase displayed a discotic-
like texture. 
Table 4.5 Phase transition temperatures and enthalpy changes of complexes of 1 and poll/functional 
guest molecules.a 
Polymer 
19 
15 
Transition 
K ^ D ' 
D ' - H 
K - ^ D 
D - * D ' 
D'-> 1 
Temp. (°C) 
30[19] 
141[129] 
21[10] 
86175] 
1311118] 
ΔΗ (kj/mru)b 
75.3 
7.0 
73.7 
0.7 
4.8 
a
 Determined by DSC. K: crystalline phase, D: discotic phase, I: isotropic phase. The values in 
parentheses are obtained from cooling runs. Structural assignments are based on polarizing microscopy 
measurements. Per mole repeating unit (mru), every part of the polymer that contains one receptor 
molecule. 
Figure 4.7 The discotic-like textures at 79°C (left) and at 92°C (right) of the complex of polymeric guest 
molecule 15 with clip 1, observed by polarizing microscopy during cooling from the isotropic liquid. 
4.6 Conclusions 
In this chapter we have shown that molecular recognition can be used as a tool to 
provide molecules with interesting materials properties. The binding of a guest to 
receptor molecule 1 leads to the induction of liquid-crystallinity. Compound 1 consist 
of a mixture of three conformers. The guest changes the equilibrium of the conformers 
and, in this way, probably tunes the properties of the material. Experiments with 
complexes having different ratios of host and guest show that complexation of the 
guest molecule affects the clearing, but not the melting temperature of the liquid-
54 
crystalline material. This suggest that guest molecules have an effect on the packing of 
the rigid central frameworks of the host molecules and not on the packing of the alkyl 
chains The results described here indicate that the concept of introducing liquid-
crystalline properties by host-guest interactions is very general and can be applied to 
both low molecular weight and polymeric guest molecules. 
4.7 Experimental section 
General methods. 
Acetomtnle and CH2C12 were distilled from C<iH2, diethyl ether and tetrahydrofuran (THF) 
from L1AIH4, and toluene from sodium. Dimethyl sulfoxide (DMSO) was dried over CaH2. 
Pyrrole was distilled before use Methyl 3,5-dihvdroxybenzoate was a commercial product 
and used without purification. For column chromatography Merck silicagel 60 and for flash 
column chromatography Merck silicagel 6011 was used Melting points were measured with a 
Jeneval polarizing microscope connected to a Lmkam THMS 600 hot stage ^H NMR spectra 
were recorded on a Vanan EM-390, and a Bruker AC-f00 spectrometer Chemical shift values 
are reported relative to tetramethylsilane as an internal standard. IR spectra were recorded on 
a Perkm-Elmer 298 infrared spectrophotometer. Mass spectra were obtained with a double 
focusing VG 7070E spectrometer. Elemental analyses were determined with a Carlo Erba Ea 
1108 instrument For the determination of the optical rotations a Perkin Elmer 241 polanmeter 
was used. A Perkin Elmer λ-5 UV-vis photospectrometer was used to obtain the UV-vis 
spectra Thermograms were recorded at a rate of 10°C/min using a Perkin Elmer DSC 7 
instrument Samples were prepared in stainless-steel large volume pans (75 μΐ) Transition 
temperatures and enthalpies were determined from the second heating and first cooling 
scans GPC measurements were performed on a Waters 590 GPC instrument equipped with a 
PL-GEL 352 column using tetrahydrofuran as the eluent and different polystyrenes as 
standards 
Phenyl 3,5-(dihydroxy)benzoate. 
This compound was synthesized by an esterification reaction from 3,5-bis(benzyloxy)benzoic 
acid and phenol. Deprotection of the product was carried out according to a literature 
procedure 
Methyl 3,5-bis(allyloxy)benzoate (2a). 
A mixture of methyl 3,5-dihydroxybenzoate (1 0 g, 6.0 mmol), allyl bromide (1 0 ml, 12 
mmol), and K2CO-j (1 8 g) m acetone (10 ml) was refluxed for 4 hrs. The solvent was removed 
under reduced pressure, water was added, and the product was extracted with CH2C12. The 
organic layer was washed with water (2x), dried (MgS04), and evaporated to dryness under 
reduced pressure After recrystallization trom diisopropyl ether the allyl protected 
methvlbenzoate 2a was obtained m 759r yield. M p. 33 °C. 
lH NMR (CDCl^, ppm) δ 7.1 (s, 2H, ArH), 6 6 (s, IH, ArH), 6 2-5.7 (m, 2Н, СН=СН2), 5 4-5.1 
(m, 4Н, СН=СН2), 4 5 (d, 4Н, ОСН2, J=6Hz), 3.9 (s, ЗН, OCH·,) IR (KBr, cm l) υ 3150-3050 
(arom C-Η), 2980-2880 (aliph C-H), 1730 (C=0), 1600 (arom C=C) MS (EI, m/z) 248 (M)+, 
S<i 
23^ 5 (M-CH,)+, 189 (М-СООСН
ч
)+, and 41 (allyl)+ Anal ( C 1 4 H ] b 0 4 ) С, H caled, 67 73, 6 SO, 
found, 67 74, 6 44 
Methyl 3,5-bis(benzyloxy)benzoate (2b). 
A mixture of methvl 3,5-dihvdroxvbenzoate (5 0 g 30 mmol), benzvl bromide (15 2 g, 89 
mmol), and K 2CO, (117g) in acetone (50 ml) was refluxed overnight The inorganic salts 
were filtered off and washed with СНСЦ The solution and the СПСЦ extracts were 
combined and evaporated to dryness The residue was crystallized from dnsopropyl ether to 
give the benzvl protected methvlben/oate 2b in 979< vield Μ ρ 70 °C 
Ή NMR (CDCI-v ppm) δ 7 50-7 22 (m, 12H, АгН), 6 80 (t, IH, ArH, J=2Hz), 5 06 (s, 4H, 
CH2Ph), 3 90 (s, ЗН, ОСИ,) IR (KBr, cm ') υ 3120 2980 (arom C-Η), 2980-2800 (aliph C-l I), 
1715 (C=0), 1600 (arom C=C) MS (H, m/?) 348 (M)+, 317 (М-ОСН,)+, 181, and 91 
(CH2l 'h)+ Anal (C 2 2 H 2 0 O 4 ) С H caled, 75 85, 5 79, found, 75 65, 5 75 
3,5-Bis(allyloxy)benzoic acid (За). 
A mixture of methvl benzoate 2a (1 0 g, 4 0 mmol) and powdered KOH (0 53 g) in ethanol (15 
ml) was refluxed for 2 hrs The solvent was e\aporated m oncuo and ethvl acetate was added 
The organic layer was acidified with an aqueous solution of 1 N HCl to pH = l The mixture 
was washed with water (2x), dried (MgS04), and the solvent was evaporated Crystallization 
from ethanol yielded 60'/< of the benzoic acid За Μ ρ 71 °C 
λ
Η NMR (CDC1-), ppm) δ 7 3 (s, 2H, ArH), 6 8 (s IH, ArJJ), 6 4-5 8 (m, 2H, CH=CH2), 5 6 5 2 
(m, 4Н, СН=СН2), 4 5 (d, 4Н, ОСН2, J-6IIz) IR (KBr, cm ') υ 2900 (СООН), 1690 (С=0), 1600 
(arom С=С) MS (EI, m/z) 234 (M)+, 189 (M COOH)+, and 41 (allyl)+ Anal ( C
n
H 1 4 0 4 ) C, 
H caled, 66 66, 6 02, found, 66 73, 6 04 
3,5-Bis(benzyloxy)benzoic acid (3b). 
For the synthesis of this compound the same procedure was followed as described for 
compound 3a, using methyl benzoate 2b (1 6 g, 4 6 mmol) and powdered KOH (0 8 g) in 
ethanol (60 ml) Yield 947
c
 Μ ρ 213-218 °C 
Ή NMR (CDCli+CD-,OD, ppm) 6 7 5-7 1 (m, 12H, ArH), 6 7 (s, IH, ArH) 5 0 (s, 4H, CH2Ph) 
IR (KBr, cm λ) υ 2880 (СООН), 1690 (С-О), 1600 (arom С=С) MS (El m/z) 334 (M)+, 181, 
and 91 (CH2Ph)+ Anal (C 2 2 H 2 0 O 2 ) С, H caled, 75 43, 5 43, found, 75 24 5 44 
Phenyl l,4-bis[3,5-bis(allyloxy)benzoate] (4). 
For the synthesis of this compound a procedure described by Hashimoto et ai was followed ч 
To a solution of benzoic acid 3a (1 18 g, 5 0 mmol) and hydroquinone (0 25 g, 2 3 mmol) in 
acctonitnle (3 ml) was subsequently added under an argon atmosphere CC14 (0 52 ml, 5 4 
mmol), Et-,Ν (0 69 ml, 5 0 mmol), and РРІ-ц (1 39 g, 5 0 mmol) The solution was stirred for 2 
days and in addition to this, 4 hrs refluxed The reaction mixture was evaporated to dryness 
under reduced pressure and the product was dissolved m СНСЦ The organic layer was 
extracted with aqueous 1 N HCl (2x), aqueous 1 N NaOH (2x), water (lx), and dried 
(Mgb04) After evaporation of the solvent, the residue was subjected to column 
chromatography (eluent ethvl acetate hexane 1 9 and subsequently 1 3 v/\) Crystallization 
from dnsopropyl ether yielded 61 '/< of the protected hydroquinone dimer 4 Μ ρ 115 °C 
•>6 
Ή NMR (CUCI,, ppm) δ 7 36 (d, 4H, (AllylO)2ArH, J=2Hz)/ 7 27 (s, 4H, ArH), 6 78 (t, 2H, 
(АПуЮЬАгИ, J=2Hz), 6 22-5.89 (m, 4H, CH=CH2), 5.52-5 27 (m, 8H, CH=CH2), 4 60 (d, 8H, 
OCH2, J=6Hz) IR (KBr, cm"1) υ 3150-3050 (arom. C-H), 2950-2850 (aliph. C-H), 1740 (C=0), 
1600 (arom C=C) MS (EI, m/z): 542 (M)+, 217 (COAr(OAllyl)2)+, and 41 (allyl)+. Anal 
(C 1 2 H 3 0 O 8 ) C, Η· caled, 70 84, 5 57; found, 70 58, 5.53 
Phenyl l,4-bis[(3,5-dihydroxy)benzoate] (5). 
To a suspension of compound 4 (0 53 g, 0 97 mmol) in acetonitnle/water (4 1, v/v, 50 ml) 
were added triethylammonium formale (0.45 g, 3 0 mmol), I'Ph/j (52 mg, 0 19 mmol), and 
Pd(OAc)2 (8.0 mg, 3.6 IO"2 mmol),1 4 and the mixture was refluxed for 2.5 hrs. Work-up was 
accomplished by evaporation of the solvent under reduced pressure. The residue was 
dissolved in ethyl acetate and washed with water The organic layer was dried (MgS04) and 
evaporated in vacuo After purification by flash column chromatography (eluent ethyl acetate 
. hexane 21 v/v) and precipitation of an acetone solution of 5 in water (dried over P 2 0 5 ) , the 
product was obtained in 90c/r yield Μ ρ >290°C (decomp.) 
Ή NMR (acetone-d6, ppm) 57.23 (s, 4H, ArH), 7.04 (d, 4H, (HO)2ArH, J=2Hz), 6 55 (t, 2H, 
(HO)2ArH, J=2Hz). [R (KBr, cm"1) υ 3440 (OH), 1720 (C=0), 1620 (arom C=C). FAB-MS (m-
nitrobenzylalcohol, m/z): 383 (M+l)+, and 137 (COAr(OH)2)+. Anal. ( C 2 n H | 4 0 8 ) C, H: caled, 
62.83, 3 69; found, 62.58, 3 89. 
(I)-(+)-Dioctyl tartrate. 
A solution of (L)-(+) tartaric acid (7.69 g, 50 6 mmol) and concentrated aqueous HCl (1 5 ml) 
in octanol (100 ml) was heated at 80°C overnight The excess of octanol was distilled off under 
high vacuum and the crude product was purified by column chromatography (eluent ethyl 
acetate : hexane 1:3 v/v), which yielded 83Уг of (L)-(+) dioctyl tartrate as white needles. M.p. 
41 °C. 
lH NMR (CDCl-i, ppm) δ 4.54 (d, 211, CHOH, J=7Hz), 4 26 (t, 4H, OCH 2CH 2), 3.21 (d, 2H, 
CHOH, J=7Hz), 1 90-1.10 (m, 24H, OCH2(CH2)6), 0 88 (t, 6H, CH 2CH 3). IR (KBr, cm"1) υ 3300 
(OH), 3020-2800 (ahph C-H), 1750 and 1720 (C=0) MS (CI, m/z). 375 (M+l)+, 263 (M+l-
C 8 H 1 6 ) + , 151 ( M + l ^ C g H ^ r . Anal. (C2(,H38O f t) С, H. caled, 64.14,10.23; found, 64.33,10.10. [ 
a ] D 2 0 = +8 3° (c = 0.5, EtOH) 
Dioctyl 2R, 3R-0-bis[3,5-bis(benzyloxy)benzoyl]-tartrale (6) 
This compound was synthesized according to a literature procedure.11 A solution of benzoic 
acid 3b (110 mg, 0.3 mmol) and Ν,Ν-carbonyldiimidazole (67 mg, 0.5 mmol) in dry toluene 
was stirred overnight at room temperature Subsequently dioctyl tartrate (60 mg, 0.16 mmol) 
was added to this solution After 6 days the solvent was evaporated and the residue was 
dissolved in CH2C12. The organic layer was washed with water (2x), dried (MgS04) and 
concentrated m vacuo. The residue mixture was subjected to flash column chromatography 
(eluent ethyl acetate · hexane 1:7 v/v) and the product was obtained as a colorless oil in 814 
yield 
λ
Η NMR (CDC!-,, ppm) δ 7 3 (s, 20H, ArH), 7 1 (s, 4H, Ar(C=0)H), 6.7 (s, 2H, Ar(OBz)2H), 5.9 
(ь, 2Н, СН(ОСОАг)), 5 0 (s, 8Н, СН2РЮ, 4 1 (m, 4Н, ОСН 2СП 2), 1 8-1 0 (m, 24Н, С 6 Н ] 2 ) , 0.8 
ΊΊ 
(t, 6H, OCH 2CH 3) FAB-MS (m-nitrobenzylalcohol, m/z) 1006 (M+H)+, 915 (M-CH2Ph)+ [α 
1 D
2 0
 = -26 6° (г = 0 6, CHCl,) 
Dioctyl 2R, 3R-0-bis-(3,5-dihydroxybenzoyl)-tartrate (7) 
Compound 6 (33 mg, 3 3 10 n mol) u as suspended in ethanol (20 ml) and subjected overnight 
to hydrogénation using palladium on carbon as a catalyst The catalyst was filtered off and 
the solvent was evaporated under reduced pressure The residue was extracted with ethyl 
acetate, the organic layer was washed with water, dried (MgS04), and concentrated to afford 
7 as a light yellow oil in 867c yield 
λ
Η NMR (acetone-d6, ppm) δ 6 94 (s, 4H, ArH), 6 51 (ь, 2Н, АгЦ), 5 81 (s, 2Н, СНСООС 8Н 1 7), 
3 6 (br s, 4Н, ОН), 4 23-3 75 (m, 4Н, ОСН2СН2), 1 6-0 8 (m, 24Н, С 6 Н 1 2 ), 0 71 (t, 6Н, 
СН2СН·,) FAB-MS (m-nitrobenzylalcohol, m/z) 647 (М+Н)+, 493 (M-OCOAr(OH)2)+ [a]D 2 ü 
= -32 7° (с = 0 7, СНСЦ) 
5,10,15,20-Tetra(3,5-dimethoxyphenyl)porphyrin, Н2(Т3 5diMeOPP) (8а). 
This compound was synthesized according to a literature procedure, from 3,5-
dimethoxybenzaldehyde (2 48 g, 14 9 mmol) and pyrrole (1 0 ml, 14 4 mmol) m propionic acid 
(150 ml) as the solvent The product was purified by column chromatography (eluent ethyl 
acetate hexane 1 1 v/v) and obtained in 537 yield Μ ρ >300°C (decomp ) 
lH NMR (CDCI3, ppm) δ 9 0 (s, 8H, pyrrole-Η), 7 4 (d, 8H, ArH, J=2Hz), 6 9 (t, 4H, ArH, 
J=2Hz), 4 0 (s, 24H, ОСЩ), -2 8 (br s, 2H, NH) IR (KBr, cm l) υ 2950 (ahph C-H), 1600 (arom 
C=C), 1220 (C-O) FAB-MS (m-mtrobenzvlalcohol, m/z) 855 (M+H)+, 824 (M+l-OCH1)+ UV-
vis (CH2C12, λ/nm, log(e/l mol 1 cm ') 419 (3 1), 514 (2 6), 549 (2 0), 588 (2 0), 645 (1 8) 
5,10,15,20-Tetra(3,5-dihydroxyphenyl)porphyri
n/H2(T3 5diHOPP) (8b). 
This compound was synthesized according to a literature procedure,1 2 from 8a (0 85 g, 1 0 
mmol), BBr^ j (0 8 ml, 8 5 mmol) in CH2C12 (80 ml) as the solvent Porphyrin 8b was obtained 
in 947c yield Μ ρ >300°C (decomp ) 
!Н NMR (acetone-d6, ppm) δ 8 9 (s, 8H, pyrrole-Η), 7 11 (d, 8H, ArH, J=2Hz), 6 71 (t, 4H, 
ArH, J=2Hz), -3 0 (br s, 2H, NH) IR (KBr, c m ' ) u 3300 (OH), 1700 (7), 1600 (arom C=C) FAB-
MS (m-nitrobenzvlalcohol, m/z) 743 (M+H)+ UV-vis (MeOH, λ/nm, logfe/1 mol λ cm ! ) 417 
(6 1), 512 (5 4), 547 (4 9), 587 (4 9), 644 (4 6) 
[3,5-Bis(benzyloxy)phenyl]methanol (9). 
Under an argon atmosphere a solution of compound 2b (2 8 g, 8 0 mmol) in diethyl ether (20 
ml) was carefully added to a suspension of L1AIH4 (780 mg) in diethyl ether (100 ml) The 
reaction mixture was refluxed for 24 hrs and afterwards cooled down to -78°C After the 
addition of water (20 ml) the mixture was allowed to warm up and was acidified with 
concentrated aqueous HCl The organic layer was washed with aqueous 1 N HCl (2x), an 
aqueous saturated NaHCO^ solution (lx), dried (MgS04), and concentrated until the 
crystallization started In this way white needles were obtained m 817 yield Μ ρ 77 "С 
]H NMR (СТ>СЦ, ppm) δ 74 (s, ЮН, ArH), 6 8-6 5 (m, 3H, ArH), 5 0 (s, 4H, CH2Ph), 4 6 (s, 
2H, CH2OH), 1 9 (br s, IH, OH) IR (KBr, cm"1) υ 3300 (OH), 3100-2980 (arom C-H), 2960-
Í 8 
2800 (ahph C-Η), 1590 (arom C=C) MS (EI, m/z) 320 (M)+, 181, and 91 (CH2Ph)+ Anal 
(С2 1Н2 0Сц) C, H caled, 78 73, 6 29, found, 78 47, 6 27 
3,5-Bis(benzyloxy)benzaldehyde (10). 
This compound was prepared according to a literature procedure ь To a cooled solution (-
78°C) of oxalyl chloride (715 mg, 5 7 mmol) in dry CH2C12 (14 ml) was added, under a argon 
atmosphere, over a period of 5 mm a solution of dry DMSO (940 mg, 15 7 mmol) in CH2C12 (3 
ml) After 10 mm a solution of 9 (1 7 g, 5 2 mmol) in CH2C12 (5 ml) was added dropwise over 
a period of 5 min, and after 15 min Et3N (3 7 ml), also over a period of 5 min The reaction 
mixture was allowed to warm up to room temperature and water (16 ml) was added The 
organic layer was washed with water (2x), dried (MgS04) and evaporated to dryness in vacuo 
Crystallization from hexane yielded 74% of 10 Μ ρ 79 °C 
Ή NMR (CDCI3, ppm) δ 9 8 (s, 1 H, CHO), 7 5-7 0 (m, 13Н, ArH), 5 1 (s, 4Н, CH2Ph) IR (KBr, 
cm"
1) υ 3150-3050 (arom C-Η), 1690 (СН=0), 1600 (arom C=C) MS (EI, m/z) 318 (M)+, 181, 
and91(CH 2 Ph) + Anni (C21HltìO·,) C, Η caled, 79 23, 5 70, found, 79 10, 5 65 
l,3-Bis(benzyloxy)-5-vinyl-benzene (11). 
Under an argon atmosphere at -10°C a solution of buthyllithium in hexane (0 5 ml of a 1 6 M 
solution, 0 8 mmol) was added to a solution of methyltnphenyl-phosphonium bromide (289 
mg, 0 78 mmol) in dry THF (5 ml) After stirring for 15 min a solution of benzaldehyde 10 
(196 mg, 0 63 mmol) in THF (2 ml) was added After another 2 hrs at room temperature 
water (3 ml) was added The solvent was evaporated ;;/ vacuo and the residue was dissolved 
in CH2C12 The organic layer was washed with water (2x), dried (MgS04), and evaporated 
under reduced pressure The product was purified by column chromatography (eluent ethyl 
acetate hexane 1 5 v/v) and obtained in 87(/r yield Μ ρ 46 °C 
lH NMR (CDC13, ppm) δ 7 5-7 2 (m, ЮН, ArH), 6 9-6 6 (m, 3H, ArH), 6 6-6 5 (m, IH, 
CH=CH2), 5 8-5 1 (m, 2Н, СН=СН2), 5 0 (s, 4Н, CH2Ph) IR (KBr, cm Ъ υ 3020 (arom C-Η), 
2940 (ahph C-Η), 1600 (conj C = 0 , 1590 (arom C=C) MS (El, m/z) 316 (M)+, 225 (M-
CH2Ph)+, 181, and 91 (CH2Ph)+ Anal (C 2 2 H 2 0 O 2 ) C, H caled, 83 52, 6 37, found, 83 42, 6 37 
4-Benzyloxybenzaldehyde (12). 
This compound was synthesized as described for compound 2b, using 4-hydroxy-
benzaldehyde (1 l lg, 9 1 mmol), benzyl bromide (1 98 g, 11 6 mmol), and K 2 C0 3 (1 52 g, 11 0 
mmol) in acetone (100 ml) as the solvent Purification by column chromatography (eluent 
ethyl acetate hexane 1 10 v/v) and subsequent crystallization from methanol yielded 78f/r of 
12 Μ ρ 72°C ( h t 1 6 72°C) 
] H NMR (CDC13, ppm) δ 9 9 (s, IH, CHO), 7 6 and 7 0 (2*d, 4H, Ar(CHO)H, J=9Hz), 7 3 (s, 
5H, ArH), 5 1 (s, 2H, ОСН2) IR (KBr, cm-1) υ 3120-3000 (arom C-Η), 2960-2730 (ahph C-Η), 
1690 (СН=0), 1595 (arom С=С) MS (EI, m/z) 212 (M)+, 91 (CH2Ph)+ Anal ( С 1 4 Н 1 2 0 2 ) С, 
H caled, 79 23, 5 70, found, 79 17, 5 72 
l-Benzyloxy-4-vinylbenzene (13). 
This compound was synthesized as described for compound 11, using methyl 
triphenylphosphonium bromide (2 84 g, 7 8 mmol), a solution of butylhthium in hexane (4 9 
S9 
ml of a 1 6 M solution, 7 8 mmol), and benzaldehvde 12 (1 43 g, 7 1 mmol) in THF (40 ml) аь 
the solvent Purification by column chromatography (eluent ethyl acetate hexane 1 19 v/v) 
yielded 88V, of compound 13 Μ ρ 67°C (lit l 768°C). 
Ή NMR (CDCI-,, ppm) δ 74-7 1 (m, 711, ArH), 70-6.8 (m, 2H, ArH), 68-65 (m, IH, 
CH=CH2), 5 7-5 0 (m, 2Н, СН=СН2), 5 0 (s, 2Н, ОСН2) IR (KBr, cm"1) υ 3100-3000 (arom С-
Н), 2950-2780 (aliph C-Η), 1625 (con) С=С), 1600 (arom С=С) MS (El, m/ζ) 210 (Μ)+, 91 
(CH2Ph)+ Anal (C1:¡H140) С, H caled, 85 68, 6 71, found, 85 34, 6 69 
Copolymer 14. 
l,3-Bis(benzyloxy)-5-vinylbenzene (0 63 g, 2 0 mmol), styrene (0 18 g, 1 73 mmol) and AIBN 
(2 4 mg, 1 46 IO"4 mol) were suspended and in butanone (3 ml) The reaction mixture was 
degassed and heated overnight in an argon atmosphère at 80°C The solvent was evaporated, 
the residue dissolved in CHCl^, and precipitated in methanol This afforded copolymer 14 as 
a white powder in 85% yield 
λ
Η NMR (CDCb, ppm) 5 7 2-5 8 (br s, ArH), 4 6 (br s, OCH2Ph), 2 1-08 (br s, CHPh-CH2) IR 
(KBr, cm λ) υ 3020 (arom C-H), 2910 (aliph C-H), 1590 (arom C=C), 1150 (C-0 ether) GPC 
(THF) M
u
 =35500, M
w
/ M
n
= 2 26 Calculation of the composition of the polymer was 
performed by elemental analysis, / e from the oxygen content, which was assumed to be О = 
100-C-H-N Elemental analysis C, Η, N found, 84 83, 6 73, 0 64 From this data the ratio of 
3,5-bis(ben7yloxy)-5-vinvlbenzene and styrene units was calculated to be 1 2 
Copolymer 15. 
Copolymer 14 (0 53 g) was stirred overnight at room temperature in a solution of 
hydrobromic acid in acetic acid (3 ml) The reaction mixture was concentrated and extracted 
with ethyl acetate, aqueous 1 N NaOH (2x), saturated aqueous NaHCO-( (lx), and water (2x) 
The organic layer was dried (MgS04) and concentrated m vacuo The residue was dissolved in 
methanol and precipitated in water After filtration copolymer 15 was obtained as a beige 
solid in 93'/< yield 
Ή NMR (acetone-d6, ppm) δ 7 4-5 9 (br s, ArH), 2 1-1 0 (br s, CHPh-CH2) IR (KBr, cm"1) υ 
3400 (OH), 3030 (arom C-H), 2920 (aliph C-H), 1600 (arom C=C) 
Copolymer 16. 
For the synthesis of this copolymer the same procedure was followed as described for 
copolymer 14 using l-benzyloxy-4-vinylben/ene (0 55 g, 2 6 mmol), styrene (0 20 g, 1 9 mmol) 
and AIBN (4 4 mg, 2 68 10"5 mol) in butanone (3 ml) as the solvent Precipitation yielded 90% 
of copolymer 16 as a white powder 
Ή NMR (CDCI3, ppm) δ 7 4-6 3 (br s, ArH), 4 9 (br s, OCH2Ph), 2 0-1 0 (br s, CHPh-CH2) IR 
(KBr, cm ') υ 3040 (arom C-H), 2920 (aliph C-H), 1610 (arom C=C), 1250 (C-O ether) GPC 
(THF)· M
u
=22000, M
u
 /M
n
=2 46 Elemental analysis C, Η, N found, 86 67, 6 94, <0 1 From 
this data the ratio of l-benzvloxy-4-vinvIbenzene and stvrene units was calculated to be 2 6 
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Copolymer 17. 
Copolymer 16 (I) 30 g) was deprotecled with a solution of hvdrobromic acid in acetic acid (3 
ml) as described for copolymer 14 Precipitation afforded copolymer 17 as a beige powder m 
1004 yield 
^H NMR (acetone dh, ppm) 5 7 5-6 3 (br s, ArH), 2 0 1 0 (br s, CHPh-CH2) IR (KBr cm ') υ 
3440 (OH), 3020 (drum С Η), 2920 (aliph C-H), 1600 (arom C=C) 
Copolymer 18. 
For the synthesis of this polymer the same estenficahon method was used as described for 
compound 4 Copolymer 17 (120 mg), benzoic acid derivative 3b (200 mg, 0 60 mmol), CCI4 
(0 16 ml, 1 7 mmol), tnethylamine (0 05 ml, 0 36 mmol), and PPh, (190 mg, 0 68 mmol) were 
mixed in acetonitnle (1 5 ml) This mixture was stirred for 3 days at room temperature The 
work-up procedure was similar to that described for compound 4, except that at the end the 
residue was dissolved in СНСЦ and precipitated in methanol In this wav 68'/ of the 
estenfied copolymer was obtained 
^NMRvCDCl·, , ppm) δ 7 4 6 2 (br s, ArH), 5 1 (br s, OCH2Ph), 2 2-1 0 (br s, CHPh-CH2) IR 
(KBr, cm ') υ 3490 (OH), 3020 (arom C-H), 2920 (aliph C-H), 1760 and 1730 (С O), 1590 
(arom C=C), 1150 (С О ether) G PC (THF) M
w
 =24000, M
u
/ M
n
= 2 38 Elemental analysis C, 
Η, N found, 79 60, 6 24, 0 72 
Copolymer 19. 
Deprotection of copolymer 18 (0 07 g) was performed using a solution of hydrobromic acid in 
acetic acid (2 ml) The residue was dissolved in acetone and precipitated in water The 
copolymer was dried over P20=; under high vacuum In this wav copolymer 19 was obtained 
as a beige powder in 96% yield 
Ή NMR (acetone-dh, ppm) 5 7 8-6 5 (br s, ArH), 2 5-1 3 (br s, CHPh-CH2) IR (KBr, cm ') υ 
3440 (OH), 3020 (arom C-H), 2920 (aliph C-H), 1730 (С O), 1600 (arom C=C) 
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CHAPTER 5 
Physical properties of complexes of porphyrins and 
clip molecules 
5.1 Introduction 
A topic of current interest in supramolecular chemistry is the design of systems 
mimicking the structure and function of enzymes A number of important enzymes, 
eg cytochrome P-450 and cytochrome C, contains a metallo porphyrin in its active 
site This metallo porphyrin is surrounded by polypeptide chains, which create a 
hydrophobic environment To study the properties and biological functions of such 
encapsulated systems a variety of new porphyrins has been prepared and studied in 
the literature, eg steroid-capped porphyrins' and dendritic porphyrins2 Currently, 
the attention is partly shifted to supramolecular systems of porphyrin molecules that 
are complexed in a hydrophobic cage, eg in the cavity of a cyclodextrm 3 We have 
designed a supramolecular system, in which four hydrophobic receptor molecules (1) 
are clipped to a porphyrin core Receptors la and b are able to bind 
dihydroxybeii7cnes by hydrogen bonding and π-π stacking interactions The 
porphyrin molecule in our complex contains four dihydroxyben7ene units (2b) and, 
hence, can act as a multifunctional guest molecule We will show with different 
techniques that this porphyrin is located in a hydrophobic environment created by the 
molecular clips, which contain long aliphatic tails 
1 a R = Me 
OC,,H,
s 
In chapter 4 preliminary experiments were described, showing that the clipping of 
four receptor molecules lb to porphyrin 2b can induce liquid-crystalhnity In the 
present chapter we present more data, including the influence of the host-guest ratios 
on the hquid-crystalhne behavior of the complexes Also included in this chapter are 
UV-vis , fluorescence and cyclovoltammetry studies 
RO 
( H CH, 
OR 
OR 
ОН 
НО 
2а R = Me 3 4 
2bR = H 
5.2 Results and discussion 
To study the influence of the complementarity of host and guest, both prophyrin 2b 
and 3 were used in the complexation experiments. Binding by a combination of 
hydrogen bonding and π-π-stacking is not possible for porphyrin 3, because of the 
positions of the hydroxy groups. A 4:1 complex of receptor molecules l b and 
porphyrin 2b (complex Ay¡) displayed liquid-crystalline behavior between 17 and 
149°C. DSC showed that two mesophases were present separated by a transition at 
127°C, which was accompanied by a small enthalpy change (Figure 5.1a, Table 5.1). 
Polarizing microscopy, however, did not reveal a change in the texture at the latter 
ΔΗ 
50 100 150 
temperature ( " O 
— ι — 
200 
Figure 5.1 Thermogram* of a) the second heating run of complex A^/], b) the 
second, and c) the fourth heating run of complex Aj/j. 
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temperature For the 4 1 mixture of l b and 3 (B4/1) already in the first heating run 
complete phase separation took place, indicating that the complex is unstable 
Table 5.1 Obvuvd plm^c tumultuili tempei atine·· and aithnlpi/ ivi/z/fs of complexe·· of poipln/ini 2b 
and molecular dip lb tit dilftiint ІнЫ^иЫ ratio·* л 
Complex 
A4/1 
A3/1 
A1/1 
Run 
1 
2 
3 
1 
2 
3 
1 
2 
3 
4 
Τ 
(°C) 
17151 
17[5] 
15[3| 
15I3] 
13[2] 
ΠΙ2Ι 
14 
ΔΗ 
(kj/mol) 
157 4 
166 5 
189 9 
183 7 
66 3 
73 9 
53 8 
Τ 
(°C) 
127Ц15] 
126Ц141 
1301118] 
124Ц12] 
128 
ΔΗ 
(kj/mol) 
2 50 
2 78 
2 76 
1 91 
0 61 
Τ 
(°U 
14911321 
14811311 
150Ц321 
14611311 
1521121] 
1501121] 
148 
ΔΗ 
(kj/mol) 
27 0 
26 0 
173 
17 9 
5 97 
S 81 
5 85 
Τ 
(°C) 
157 
206 
202 
199(1381 
197Ц36І 
197 
ΔΗ 
(kj/mol) 
74 2 
155 9 
55 3 
1412 
8 51 
2 98 
" Determinai by DSC Tin ivi/m's m paientheses me obtained fiom the tooling run·, 
'' Subscript refers to the ІпЫ-^иЫ tatto 
We also studied complexes of porphyrin 2b with different equivalents of receptor 
molecule l b (Table 5 1) Remarkably, the 3 1 host-guest complex (A3/1) as well as the 
1 1 complex (Aj/j) initially displayed a phase transition to the isotropic liquid at circa 
200°C (ΔΗ > 50 kj/mol) However, in the subsequent cooling and heating runs of A3 / 1 
a similar behavior was observed as for the А4/1 complex (Table 5 1) In the case of the 
Ayy complex more heating runs were required than in the case of the A3/j complex to 
achieve this behavior (see Figures 5 1 a-c) The polarizing microscopy results in 
combination with the large enthalpy changes (Tabic 5 1) in DSC suggest that the 
transitions at ca 2()()°C are crystal to isotropic liquid transitions Apparently, 
crystalline complexes are initially formed, which after repetitive heating and cooling 
cycles disappear at the expense of the formation of the mesophases of the A4/-| 
complex and free porphyrin This suggests that the porphyrin, which is completely 
surrounded by clip molecules, possesses an enhanced stability 
Although the free porphyrins 2b and 3 are completely insoluble in CH2CI2, it is 
possible to dissolve their complexes in this solvent Complex A4 / 1 can be readily 
dissolved even when its concentration is 2 10 Ί molar The mixture B4 / 1 is also soluble, 
but only when the concentration of each of the components is lower than 10"' molar 
These different solubility properties together with results from the DSC experiments, 
suggest that we are dealing with different types of complexes or systems In the case 
of A4/j the dihydroxybenzene units of porphyrin molecule 2b will be bound in the 
cavities of the clip molecules and a real complex is formed In the case of B4/-[ it is 
more likely that porphyrin 3 and the clip molecules form loose aggregates To study 
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this further UV- іь (Table 5 2) and fluorescence (Table 5 3) experiments were carried 
out 
UV-vis spectra of the porphyrin complexes were recorded m CH2CI2 and in a 
mixture of СН^СЬ and methanol The latter solvent is known to weaken the 
interactions between clips of type 1 and dihydroxy substituted guest molecules 6 The 
soluble porphyrin 2a was used as a reference compound for the uncomplexed 
porphyrin 2b in solution Table 5 2 shows that the addition of methanol to a solution 
of 2a in CH2CI2 does not affect the position, the width, and the extinction coefficient 
of the porphyrin B-band In the case of complex A 4 / 1 and mixture В 4 д the position of 
the B-band is not affected either, but the extinction coefficient is increased and the 
width of the band is decreased Although the effect is more pronounced for complex 
А4Л than for mixture В 4 д, these results do not provide an explanation for the different 
properties of the two systems 
Table 5 2 UVcis ^ptttro^topic propeities of poiphyim 2a and the porphyrin Lompkx A4/1 and 
mixture B4/1 in diffuent solvent чі/btons a 
Solvent mixture 
CH 2 Cl 2 /MeOH 
10/0 
10/1 
10/2 
10/0 
10/1 
10/2 
10/0 
10/Ί 
10/2 
Compound 
complex or 
mixture 
2a 
A 4/ l 
B4/I 
Vnax 
(nm) 
420 
420 
419 
420 
420 
420 
417 
418 
418 
l o g e 
(dn-r mol" c m ' 
5 48 
5 49 
5 48 
4 80 
5 31 
5 33 
4 87 
5 31 
5 33 
w 1 / 2 b 
(nm) 
11 
11 
11 
23 
14 
14 
19 
16 
16 
a
 Concentration 6 5 10 6 Μ Τ = 20°C b Width of absorption band at half 
lieight 
Fluorescence measurements were performed using 6 10"6 molar solutions of the A 4 / 1 , 
B 4 / 1 , and free porphyrin 2a in mixtures of CH 2 C1 2 and methanol (Table 5 3) In the 
case of complex А 4 д and porphyrin 2a emission was observed at almost the same 
wavelength, viz at circa 647 n m Interestingly, the fluorescence intensity of the 
complex was much smaller than that of the free porphyrin Addition of methanol, 
however, caused the fluorescence intensity of the complex to increase to the same 
level as that of 2a Mixture В4Д was found to have two emission bands, viz 647 and 
653 nm The band at 653 n m disappeared when methanol was added At the same 
time the fluorescence intensity at 647 nm increased The latter results may be 
explained by aggregation and deaggregation of the porphyrin molecules 3 To test 
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this, experiments were also performed with porphyrin 4, which is slightly soluble in 
CH2CI2 in contrast to 3 When a saturated solution of porphyrin 4 in CH2CI2 was 
excitated at 420 nm, also two emission bands, at 648 and 652 nm, were observed, 
which disappeared in the presence of methanol It is therefore likely that in the case of 
В4д dimers or higher aggregates are present in CH2CI2, which decompose when 
methanol is added Porphyrin 2b and clip molecules l b probably form a real complex 
А4Л in СН2СІ2, which is also decomposed by methanol In the complex the 
fluorescence of the porphyrin is almost completely quenched Additional experiments 
were earned out to study this phenomenon in more detail In these experiments clip 
lb was added to a CH2CI2 solution of porphyrin 2a as well as to a CH2CI2 solution of 
4 In both cases no quenching was observed Apparently, binding in the cavity of 
molecule l b is required to achieve quenching of the fluorescence 
Table 5 3 Fluorescence properties of porphyrin 2a tin poiphyim complex A4/1 mid the porphyrin 
mixture В^ц in different solvent systems a 
Solvent mixture 
CH 2 Cl 2 /MeOH 
10/0 
10/1 
10/2 
10/0 
10/1 
10/2 
10/0 
10/1 
10/2 
Compound, 
complex, or 
mixture 
2a 
A 4/ l 
B4/I 
'max 
(nm) 
647 
647 
647 
648 
648 
648 
647/6S3 
647 
647 
I 
440 
414 
412 
22 
249 
235 
94/96 
269 
283 
a
 CoiiLLiitrations 6-5 10° M T=20°C Excitation ivnvelength 420 nm 
Porphyrins are known to undergo oxidation and reduction reactions, which can be 
studied by cyclic voltammetry (CV) This technique was used to get more information 
about the interaction between the porphyrins and the clip molecules Experiments 
were carried out in CH2CI2 with Bu 4N
+PF 6 as the supporting electrolyte Different 
mixtures with receptor molecule l b were prepared, using porphyrin molecules 2b (4 1 
host-guest complex, A ^ ) and 4 (1 1 host-guest mixture, Cy\) First the free 
porphyrins were investigated As the hydroxyporphynns 2b and 3 are insoluble in 
CH2C12, 2a was used as a model for these compounds Porphyrins 2a and 4 showed 
chemically reversible one-electron oxidation as well as reduction processes (Figure 
5 2a) The measured E^/2-values were -1 71 and 0 52 V for 2a and -1 75 and 0 34 V for 
4 Apart from oxidative degradation, receptor molecules la and l b showed no 
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response by CV Therefore, we will only focus on the reduction processes of the 
porphyrin complex and mixtures 
ИА) 
- 1 — 
15 
-1 
10 
E(V) 
Figure 5.2 CI/LIIL oollammogiam^ of solutions of π) 2a and b) А$ц m CHjCìj 
The solubility of porphyrin 4 was found to be enhanced by adding one equivalent of 
lb . This resulted in an increased response in the CV at -1 75 V No other effect on the 
electrochemical behavior of the porphyrin was observed, indicating that lb and 4 only 
form a weak complex The CV of the A4/1 complex is shown in Figure 5 2b The 
clipping of four receptor molecules l b to porphyrin 2b leads to a shielding of the 
porphyrin core As a result the reduction of the porphyrin has become slow and 
irreversible From these experiments we may conclude that receptor molecules of type 
1 are able to encapsulate the core of porphyrin 2b by binding to the dihydroxyphenyl 
substituents 
5.3 Conclusions 
We have shown that the clipping of four receptor molecules l b to porphyrin 2b 
leads to an encapsulation of the porphyrin core The latter is located in a hydrophobic 
environment m a similar way as found in metallo enzymes like cytochrome P-450 and 
cytochrome С A computer generated drawing of the supramolecular complex is 
presented in Figure 5 3 This complex may be the first step towards an enzyme mimic 
and may be of interest for future catalytic applications 
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Figure 5.3 Computer generated structure of a 4:1 complex of molecular clip lb and porphyrin lb 
(Am*-
5.4 Experimental section 
The syntheses of receptor molecule l b and porphyrins 2a and 2b were described in chapters 
3 and 4, respectively. Porphyrins 3 and 4 were prepared according to literature procedures.4 , 5 
The complexes were prepared by mixing the two components (porphyrin and receptor 
molecule) in the appropriate molar ratio in a СНСІз/acetone solution. The solvent mixture 
was subsequently slowly evaporated overnight at 40°C. Thermograms were recorded at a 
rate of 10°C/min. The transition temperatures and enthalpies were determined from the 
second heating and first cooling runs. Both UV-vis and fluorescence experiments were 
performed using 6T0 M solutions of compound, complex, or mixture in CH2C12. For the 
described experiments 1 ml of the stock solution was used, followed by the addition of two 
0.1 ml aliquote of methanol. All the fluorescence experiments were recorded upon excitation 
at 420 nm. The extinction coefficients in the UV-vis experiments were corrected for the 
volume increments. The fluorescence intensities were not corrected for these increments. 
Cyclic voltammetry was carried out in CH2C12 with platinum as the working electrode and 
Bu4N
+PF6" as the supporting electrolyte, at a scanning rate of 50 mV/s. 
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CHAPTER 6 
Tunable supramolecular structures from amphiphilic 
receptor molecules 
6.1 Introduction 
Much research in supramolecular chemistry is inspired by the sophisticated 
molecular structures found in nature ' In order to mimic these structures and to 
understand their functions and reactions, synthetic models have been studied in 
solution and in the solid state 2 A great deal of attention is currently focused on 
synthetic receptors and the binding of guest molecules in their cavities Amphiphilic 
receptors which form aggregates in water only have been studied to a limited extent 
A few examples of vesicle formation by azacrown ether derivatives3 ς in water have 
been described in the literature and Murakami et al 6 have published the aggregation 
of amphiphilic cyclophane receptors in water 
1 
In our group we are studying receptor molecules derived from diphenylglycolunl 
In previous papers we reported on the binding properties of azacrown ether 
derivative 1 These bowl-shaped receptor molecules are able to bind 
dihydroxybenzcncs7 as well as alkali metal and diammonium ions 8 We recently 
found that molecules of type 1, modified with long aliphatic tails, can form 
supramolecular structures m water 9,1° We also discovered that these structures can 
bind guest molecules with high binding constants 9 
In the work described in this chapter, molecular recognition is used as a tool to 
control the architecture of the aggregates derived from type 1 For this purpose the 
azacrown ether rings of 1 are modified with different substituents, containing one or 
more long hydrocarbon chains A polar head group can be created by protonation of 
the azacrown ether rings or by complexation of alkali metal ions (Figure 6 1) In order 
to investigate the influence of the molecular framework on the aggregation behavior 
of the receptor molecules, the dimethylglycoluril derivatives of 1 were also 
synthesized and studied. 
R-\ N-R 
protonation complexation 
R = aliphatic substituent 
R' = Ph or Me 
Figure 6.1 Am pit ι phi I ic recepto) molecules derroeil from glycolunl 
6.2 Synthesis 
The amphophilic bowl-shaped receptor molecules 6-8 were prepared as shown in 
Scheme 6.1. Molecules 5, which contain reactive end groups, were synthesized from 4 
by a ring closure reaction, according to a known procedure, using 3-aminopropanol. 
Bowl-shaped molecules 5a and 5b were obtained in 70% and 56'/·, respectively. 
Molecules 6-8 were obtained in good yields by an esterification reaction of 5 with the 
appropriate acid chloride in a 1:1 mixture of СН2СІ2 and triethylamine. 
6.3 pH Dependent aggregation behavior 
The receptor molecules described above showed lyotropic liquid-crystalline 
behavior upon dispersion in water. Their aggregation behavior was studied by 
electron microscopy (EM) using both the negative staining and the freeze fracturing 
technique. Opalescent solutions were formed when 0.2 weight 4< solutions of 6a or 7a 
were sonicated in aqueous 0.1 N HCl or in pure water. In both cases a mixture of 
vesicles and bilayers was obtained (Figure 6 2). When the samples were left for a 
week at 4°C the composition of the mixtures did not change. The dimethylglycoluril 
derivatives 6b and 7b, displayed the same behavior as their diphenylglycolunl 
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Scheine 6.1 
R' 
2 Ч-4-N 
aR' = Ph Ν"ΓΝ 
bR' = VIe ^ \ R ^ 
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2 сі(сн 2 сн 2 о) 2 с 6 н 4 (осн 2 сн 2 ) 2 сі 
3 
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Me 
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RC(0)CI 
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сн 2 сі 2 
+ K , 3 N 
он' V о 
Ο \ Ν 
y-0(CH2),-N 0=< 
R / Ν 
R' 
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-Ν / О 
>=() N-(CH2),o4 
•Ν \ R 
6a 
6b 
7a 
7b 
8a 
8b 
R' 
Ph 
Me 
Ph 
Me 
Ph 
Me 
R 
4-C 6 H 4 (OC 1 2 H 2 5 ) 
4-C 6 H 4 (OC 1 2 H 2 5 ) 
3,4,S-C6H2(OC,2H2 s ) ;, 
3,4,5.С 6 Н 2 (ОС 1 2 Н 2 5 ) і 
4 l H 2 3 
C I 1 H 2 3 
counterparts 6a and 7a The vesicles formed by compound 6a were much smaller (10-
50 nm) than those formed by 7a (50-175 nm) Apparently, the curvature of the latter 
aggregates is decreased because of the presence of more aliphatic tails This can be 
explained by the smaller size of the polar head group relative to the apolar part of the 
molecule 
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Figure 6.2 Transmission electron micrographs of dispersions of 7a (0.2 wt%) in aqueous 0.1 N HCl 
showing a mixture ofbilayers and vesicles. Bars represent 250 nm. Freeze fracturing technique. 
Sonication of a 0.2 weight % solution of 8a in aqueous 0.1 N HCl afforded a white 
precipitate in a clear solution. Directly after sonication EM displayed long tube-like 
structures with a diameter of 100 nm (Figure 6.3a). To prove that this material is not 
crystalline we performed electron diffraction experiments. No regular scattered 
patterns were observed. The freeze fracture electron micrographs showed that the 
tubes were built up from bilayered structures. When compound 8a was sonicated in 
deionized water (pH=6) an opalescent solution was obtained containing vesicles with 
a diameter of 100-250 nm (Figure 6.3b). Compound 8b aggregated to form the same 
structures as described for 8a. 
Figure 6.3 Transmission electron micrographs of dispersions of 8a (0.2 wt%) in (a) aqueous 0.1 N 
HCl, (b) deionized water. Bars represent 250 nm. Left: negative staining technique. Right: freeze 
fracturing technique. 
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To investigate the effect of the pH in more detail, we carried out monolayer 
experiments for 8a. The isotherms were, however, found to be independent of the pH. 
From the onset of the curves a molecular area of 220 À2 was calculated (Figure 6.4), 
suggesting that the molecules in both acidic and neutral water have a stretched-out 
conformation. 
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Figure 6.4 Compression isotherms of compound 8a on different subphases: (a) pH=l (0.1 N HCl), 
(b) pH=6 (deionized water). 
Figure 6.5 Transmission electron micrographs (negative staining technique) of dispersions of 8a (0.2 
wt%) in solutions of different HCl concentration directly after sonication: (a) pH=3, (b) pH=2, (c) 
pH=1.5, (d) pH=1.5 (magnification). Bars represent 250 nm. 
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As the monolayer studies were not informative we returned to the EM experiments 
and dispersed 8a in aqueous solutions of intermediate acidity EM of the dispersions 
at pH=5 and pll=3 revealed that directly after sonication only vesicles were present, 
whereas at pH=2 and 1 5 a mixture of vesicles and tube-like structures was visible 
The relative amount of tube-like structures in the mixtures was more or less 
proportional to the acidity of the solution (Figure 6 5) After one day also for the 
sample at pH=3 a mixture of the two aggregates was found A closer look at the EM 
pictures of these mixtures provided insight in the origin of the tube-like aggregates 
they were found to grow from germinated' vesicles as can be seen m Figure 6 5d 
Apparently, the tube-like structures are thermodynamically more stable than the 
vesicles in an environment of aqueous HCl The rate of the formation is probably 
determined by the acidity of the solution 
The pKa-values of the amino functions in compound 8a are estimated to be 10-11 At 
pH=6 the azacrown ether rings will, therefore, be partly protonatcd and the molecules 
are most likely held together by hydrogen bonds between amino groups of 
neighbouring molecules This forces the molecules in an open structure with the 
aliphatic tails directed downwards In this way a cone-shaped conformation is 
obtained (Figure 6 6A) It is not unlikely that an assembly of such molecules forms 
vesicles, which have a curvature in all directions At lower pH-values the vesicles are 
Figure 6.6 Siìiauntic rept esentai ion of the ova nil ъішре of moki ules of 8a (a) at pH=6 LOIIL shaped 
(b) at pH=l wedge sìiaped mola, ule 
converted into tubes (Figure 6 3a), which are curved in only one direction This 
suggest that the shape of the molecules is changed from a cone at pH~6 to a wedge at 
pH=l (Figure 6 6B) From other work we know that the presence of the ester groups is 
essential to induce the change from vesicles into tube-like aggregates ^ In order to 
find an explanation for this change in aggregation behavior, powder diffraction 
experiments were performed Unfortunately, no clear periodicities, neither at pH=l 
nor at pH=6, was observed We are, therefore, not able to support our explanation this 
conformational change with experimental data at this moment 
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6.4 The influence of metal ions on the aggregation behavior of 8a 
Since the bowl-shaped molecules are able to bind alkali metal ions8 we also studied 
the aggregation behavior of 8a in 0.2 M aqueous KCl and NaCl solutions. Under these 
conditions 8a was found to form vesicles with diameters of 200-500 nm (Figure 6.7a).9 
Apparently, a change of the head group, from a protonated aza-crown ether ring to a 
ring containing an alkali metal ion induces a different aggregation behavior. To 
investigate this effect in more detail, monolayer experiments were performed using 
different sub-phases at 20°C. The isotherms showed interesting differences between 
the acidic subphases and the subphases containing alkali metals (Figure 6.8). The 
isotherms recorded on a subphase of 0.02 M NaCl and 0.02 M KCl solution were 
found to coincide. Isotherm b (Figure 6.8A) shows the behavior of 8a on a 0.02 M KCl 
Figure 6.7 Transmission electron micrographs of dispersions of 8a (0.2 wt%) in (a) aqueous 0.2 M 
KCl, (b) aqueous 0.02 M RbCl, (с) aqueous 0.02 M CsCl. Bars represent 250 nm. Left: negative 
staining technique. Right: freeze fracturing technique. 
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subphase. At a pressure of 19 m N / m a transition is observed, which disappears when 
the concentration of K+ ions m the subphase is increased to 0 2 M (Figure 6 8A, curve 
c). The onset of the curves before and after the transition, point to molecular areas of 
220 and 160 Â2, respectively. These numbers suggest that at low pressures -and also at 
high K+ concentration- 8a has a relatively flat structure with two K+ bound in its 
crown ether rings. At high pressure the molecule adopts a sandwich-like 
conformation with only one cation bound between the rings, in agreement with 
previous studies8 (see Figure 6.8B). This conformation is less likely for the protonated 
compound 8a because of electrostatic repulsion On a subphasc of 0.002 M KCl the 
isotherm corresponded with the one recorded on pure water. We may, therefore, 
conclude that at low K+ concentration, the concentration of complex is very low and 
that most of the azacrown ether rings are protonated. 
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Figure 6.8 А Completion іьоМіегть of componila 8a on different subplotse·* (a) pH=l, (b) 
aqueous 0 02 M KCl, (с) aqueous 0 2 M KCl В Schematic lepreseiitation of the sandu'ich-like (top) 
and the itrehhed-out (bottom) conformation 
To study the influence of the size of the cation on the aggregation behavior of 8a we 
also used RbCl and CsCl in our experiments. Monolayer experiments showed that 
Rb + and Cs + ions are more strongly bound by 8a than K+ ions. Consequently, it was 
necessary to use lower concentrations of these alkali metal ions in the subphase to 
achieve a significant phase transition (Figure 6.9, curve c). Addition of 8a (0.2 weight 
c/() to a 0.2 M aqueous solution of RbCl or CsCl, for EM experiments, did not result in 
the formation of well-defined aggregates. However, when the concentration of the 
alkali metal salt was lowered to 0 02 M, vesicles and small rod-like aggregates were 
observed m the case of RbCl (Figure 6 7b) and tube-like structures in the case of CsCl 
(Figure 6.7c). Apparently, both the occurrence of a phase transition m the monolayer 
7Я 
experiments and the appearance of aggregates in the aqueous dispersions depend on 
the concentration of the alkali metal ions. 
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Figure 6.9 Completion isotliernib of compound 8a on diffeieut M/i'p/mses (a) aqueous 0 02 M KCl, 
(b) aqueoiib 0 02 M CsC/, U) nqiteoiis 0 002 M CsC/ 
In Table 6.1 the molecular areas of the sandwich-like conformations arc presented, 
which can be calculated for the different metal ions from the isotherms The areas 
were determined using the same concentration for all the metal ions, because, as is 
known in the l i terature 1 2 and as can be seen in Figures 6.8 and 6.9, the position of the 
isotherms is dependent on the salt concentration. The values in Table 6.1 are in line 
with areas expected for sandwich complexes {vide iiifin). These increase when the size 
of the metal ion increases. This means that the head group becomes larger when a 
larger cation is complexed in the crown ether rings. This result is in agreement with 
the data from the electron microscopy experiments, which showed that the curvature 
of the aggregates (vesicles versus tubes) increases going from Na+—>K+—>Rb+—>Cs+. 
Table 6.1 Molcculm ai ca of tiw ^nndioicli-like tonfai matton 
of 7a in the predane of different саіюпь 
Cation 
Na + 
K+ 
Kb+ 
Cs+ 
Molecular 
area (A ) 
155 
160 
165 
180 
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6.5 Conclusions 
Based on the results presented in the foregoing sections we tentatively conclude that 
both the tube-like structures, seen in aqueous 0 1 N HCl, and the vesicles, formed in 
deionized water, are built u p from molecules of 8a in the strctched-out conformation 
We propose that compounds 6 and 7 have a similar conformation at p H = l and pH=6 
as 8a, although this was not confirmed by experiments Molecules of 8a in solutions of 
alkali metal ions can adopt a stretched-out or a sandwich-like conformation We 
believe that only the sandwich-like conformation, which is present at relatively low 
concentrations, induces the formation of the observed superstructures Increasing the 
size of the alkali metal ion from N a + or K+ to Rb + to Cs + , leads to an increase in 
curvature of the aggregates and hence to a gradual change in the shape of the 
aggregate, DIZ from vesicles to tubes In summary, we have demonstrated that 
receptor molecules 6-8 derived from glycolunl can form well-defined self-assembled 
structures in aqueous solutions In addition we have shown that molecular 
recognition can be used as an elegant tool to tune the architecture of these structures 
6.6 Experimental section 
General methods. 
Acetomtnle and СН2С12 were distilled from CaH 2 3-Ammopropanol was distilled before use 
Lauroyl chloride was a commercially product For flash column chromatography Merck 
silicagel 60H was used Melting points were measured with a Jeneval polarizing microscope 
connected to a Linkam THMS 600 hot stage Ή NMR spectra were recorded on a Bruker AC-
100 spectrometer Chemical shift values are reported relative to tetramethylsilane as an 
internal standard IR spectra were recorded on a Perkm-Elmcr 298 infrared 
spectrophotometer Mass spectra were obtained with a double focusing VC 7070E 
spectrometer Elemental analyses were determined with a Carlo Erba Ea 1108 instrument 
Dihydro - 8b, 8c - dimethyl - Ш, 3H, 4H, 5H, 7H, 8H - 2, 6 - dioxa - 3a, 4a, 7a, 8a -
tetraazacyclopenta [def\ fluorene - 4, 8 - dione (2b). 
This compound was synthesized as described in ref 13 
1, 4-Bisl2-(2-chIoroethoxy)ethoxylbenzene (3). 
This compound was synthesi/ed as described in ref 14 
5, 7, 12, 13b, 13c, 14 - Hexahydro - 1 , 4, 8, 11 - tetrakis[2-(2-chloroethoxy)ethoxy] - 13b, 13c -
diphenyl - 6H, 13H - 5a, 6a, 12a, 13a - tetraazabenz[5, 6]azuleno[2,1, 8 -y«]benz[/]azulene-6, 
13-dione (4a). 
This compound was synthesized as described in ref 14 
5, 7, 12,13b, 13c, 14 - Hexahydro - 1 , 4, 8, 11 - tetrakis[2-(2-chloroethoxy)ethoxy] - 13b, 13c -
dimethyl - 6H, 13H - 5a, 6a, 12a, 13a - tetraazabenz 15, 6] azuleno [2, 1, 8 -ye] benz [f] 
azulene - 6,13 - dione (4b). 
80 
This compound v\as prepared according to a procedure de\ eloped in our laboratory 
Compound 2b (2 0 g, 7 9 mmol) v\as dissohed in a mixture of 20 ml of acetic anhydride and 
20 ml of tnfluoroacetic acid After heating for 30 mm at 90 "C compound 3 (5 5 g, 17 mmol) 
was added and the heating was continued for 1 h After cooling to room temperature the 
reaction mixture was concentrated in ічкио and dissolved in СНСЦ The organic laver was 
extracted with water (3x), saturated aqueous NaHCO^, and dried (MgS04) Evaporation of 
the solvent gave the crude product which was purified bv flash column chromatography 
(eluent hexane ethyl acetate 1 3 \ /v) and by recrvstalhzahon from ethyl acetate Compound 
4b was obtained in 517, vield Μ ρ 177-178 "С 
! H NMR (CDC1V ppm) δ 6 66 (s, 411, ArH), 5 40 (d, 4H, NCHHAr, J=16Hz) 4 15-3 40 (m, 36H, 
NCHHAr, C H 2 0 , CH2C1), 1 70 (s, 6H, CH·,) FAB-MS (m-mtrobenzylalcohol, m/z) 865 
(М+НГ Anal (C, 8HS 0CT4N4O, 0) C, 11, N caled, 52 79, 5 83, 6 48, found, 52 80, 5 76, 6 45 
2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30, 31, 32, 34, 35, 38b - Octadecahydro - 2a, 38b -
diphenyl - 13, 30 - bis[3-propanol] - IH, 4H, - 6, 37 : 20, 23 - dietheno - 2, 22 : 3, 21 -
dimethano - 5H, 11H, 28H, 38H, - 7, 10, 16, 19, 24, 27, 33, 36 - octaoxa - 2, 3, 4a, 13, 30, 38a -
hexaazacyclopenta [cd\ cyclotetratriacont [g] azulene - 1 , 4 - dione (5a). 
This compound was prepared auording to a procedure developed in our laboratory using 
compound 4a (3 0 g, 3 0 mmol), 3-aminopropanol (228 mg, 3 0 mmol), № 2СОч (10 1 g, 0 11 
mol), and Nal (30 3 g) in 400 ml of aietonitnle The product was purified by flash column 
chromatography using gradient clution (eluent 0 5-3 vol7< MeOH, 1 volc/i Et^N in СНСЦ) and 
subsequent precipitation in hexane to afford 5a as a white powder in 70% Μ ρ > 250°C 
(decomp ) 
'HNMR (CDC13, ppm) δ 7 09 (s, ЮН, ArH), 6 69 (s, 4H, ArH), 5 60 and 3 69 (2d, 4H, 
NCHHAr, J=16Hz), 4 35-3 65 (m, 28H, CH 2 0) , 2 94 (t, 12H, NCH 2CH 2), 174 (t, 4H, 
CH 2CH 2CH 2) FAB-MS (m-mtrobenzylalcohol, m/z) 993 (M+H)+ Anal ( C S 4 H 6 8 N 6 0 1 2 HCl) 
С, H, N caled, 62 99, 6 75, 8 16, found, 62 81,6 70, 8 11 
2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30, 31, 32, 34, 35, 38b - Octadecahydro - 2a, 38b -
dimethyl -13, 30 - bis[3-propanol] - IH, 4H, - 6, 37 : 20, 23 - dietheno - 2, 22 : 3, 21 -
dimethano - 5H, 11H, 28H, 38H, - 7, 10, 16, 19, 24, 27, 33, 36 - octaoxa - 2, 3, 4a, 13, 30, 38a -
hexaazacyclopenta [cd] cyclotetratriacont [g] azulene - 1 , 4 - dione (5b). 
This compound is prepared according to a procedure developed in our laboratory7 using 
compound 4b (3 0 g, 3 5 mmol), 3-aminopropanol (260 mg, 3 5 mmol), Na2CC>3 (10 0 g, 0 11 
mol), and Nal (30 g) in 400 ml of acetonitnle The product was purified by flash column 
chromatography using gradient elution (eluent 3-10 vol7 MeOH, 1 vol7t Et^N in СНСЦ) 
Precipitation from hexane yielded 5b as a white powder m 567r Μ ρ > 225°C (decomp ) 
lH NMR (CDCIVCD^OD, ppm) 5 6 71 (s, 4H, ArH), 5 55 (d, 4H, NCHHAr, J=16Hz), 4 35-
3 93 (m, 32H, NCHHAr, CH 9 0), 2 86 (t, 12H, NCH 9CH 2), 1 71 (br s, 10H, C H V CH 2 CH 2 CH 2 ) 
FAB-MS (m-nitrobenzylalcohol, m/z) 869 (М+НГ Anal ( C 4 4 H 6 4 N b O | 2 0 25NaCl) C, Η, N 
caled, 59 80, 7 30, 9 51, found, 59 56, 7 25, 9 26 
4-Dodecyloxybenzoyl chloride and 3, 4, 5-Tridodecyloxybenzoyl chloride. 
These compounds were synthesized as described in Chapter 3 
General procedure for the synthesis of compound 6-8. 
The appropriate host molecule 5 (n mmol) was suspended or dissolved in dry CH2C12 (20n 
ml) and tnethylamine (20n ml) under an argon atmosphere The desired acid chloride (4n 
mmol) was added and the reaction mixture was stirred at room temperature (1-48 hrs) The 
progress of the reaction was followed by Tl С After the required reaction time, the reaction 
mixture was diluted with CH2C12 (4()n ml) and washed with IN aqueous HCl (2x), saturated 
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aqueous N a H C O , (2x), and with water The organic laver was dried (MgS0 4 ) and the solvent 
was evaporated The crude product was purified in to steps, first by flash column 
chromatography (eluent 0 5 vol'/r MeOH, 1 volVr Et ,N m CHC1-,) and subsequently bv 
dissolving it in CHC1, and wash ing the resulting solution with I N aqueous I ICI (2x) and a 
saturated aqueous N a H C O , solution (2x) The organic layer v\as dried (MgSÜ4) and 
concentrated m опию to vield the p u r e c o m p o u n d 
2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30, 31, 32, 34, 35, 38b - Octadecahydro - 2a, 38b -
diphenyl -13, 30 - bis[3-(4-dodecoxybenzoate)propyl] - IH, 4H, - 6, 37 : 20, 23 - dietheno - 2, 
22 : 3, 21 - dimethano - 5H, 11H, 28H, 38H, - 7, 10, 16, 19, 24, 27, 33, 36 - octaoxa - 2, 3, 4a, 13, 
30, 38a - hexaazacyclopenta [cd] cyclotetratriacont [g] azulene-1, 4 - dione (6a). 
The product was obtained in 74% yield Μ ρ 186°C 
Ή NMR (CDCl·,, p p m ) δ 8 05 and 6 91 (2d, 8H, C H 2 O A r H , J=9Hz), 7 08 (s, 10H, ArH), 6 68 (s, 
4H, ArH), S 61 (d, 4H, N C H H A r , J=16Hz), 4 37 (t, 4H, CH-.OCO), 4 27-143 (m, 3211, 
N C H H A r , C H 2 0 ) , 2 91 (br t, 12H, N C H 2 C H 2 ) , 2 20-1 05 (m, 44H, CH·,), 0 87 (t, 6H, C H , ) 
FAB-MS (m-nitrobenzylalcohol, m / z ) 1570 ( M + H ) + Anal ( C 4 2 H 1 - , 4 N 6 O u , HCl) С, Η, Ν 
caled, 69 57, 7 90, 5 29, found, 69 61, 7 62, 5 30 
2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30, 31, 32, 34, 35, 38b - Octadecahydro - 2a, 38b -
dimethyl -13, 30 - bis[3-(4-dodecoxybenzoate)propyl] - IH, 4H, - 6, 37 : 20, 23 - dietheno - 2, 
22 : 3, 21 - dimethano - 5H, 11H, 28H, 38H, - 7, 10,16, 19, 24, 27, 33, 36 - octaoxa - 2, 3, 4a, 13, 
30, 38a - hexaazacyclopenta [cd] cyclotetratriacont [g] azulene - 1 , 4 - dione (6b). 
The product was obtained in 767f yield Μ ρ = 25°C 
Ή NMR (CDCl·,, p p m ) δ 7 98 and 6 90 (2d, 8H, C H 2 O A r H , J=9Hz), 6 69 (s, 4H, ArH), 5 56 (d, 
4H, N C H H A r , J=16Hz), 4 33 (t, 4H, C H 2 O C O ) , 4 21-3 46 (m, 32H, N C H H A r , C H 2 0 ) , 2 84 (br 
t, 12H, N C H 2 C H 2 ) , 2 12-1 05 (m, 50H, C H 2 , CH·,), 0 87 (t, 6H, CH-,) FAB-MS (m-
mtrobenzylalcohol, m / z ) 1446 ( M + H ) + Anal (C 8 2 H 1 2 0 N ò O 1 6 ) С, Η, N caled, 68 12, 8 36, 5 81, 
found, 67 72, 7 92, 5 77 
2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30, 31, 32, 34, 35, 38b - Octadecahydro - 2a, 38b -
diphenyl - 13, 30 - bis[3-(3,4,5-tridodecoxybenzoate)propyl] - IH, 4H, - 6, 37 : 20, 23 -
dietheno - 2, 22 : 3, 21 - dimethano - 5H, UH, 28H, 38H, - 7,10,16,19, 24, 27, 33, 36 - octaoxa -
2, 3, 4a, 13, 30, 38a -hexaazacyclopenta [cd] cyclotetratriacont [g] azulene - 1 , 4 - dione (7a). 
The product was obtained in 2 7 7 yield Μ ρ 164-166°C 
lH NMR (CDCl,, p p m ) δ 7 28 (s, 4H, (RO),ArH), 7 09 (s, ЮН, ArH), 6 70 (s, 4H, ArH), 5 65 (d, 
4H, N C H H A r , J=16Hz), 4 39 (t, 4H, C H 2 O C O ) , 4 24-3 52 (m, 44H, N C H H A r , C H 2 0 ) , 2 92 (br 
t, 12H, N C H 2 C H 2 ) , 2 20-110 (m, 124H, C H , ) , 0 87 (t, 18H, C H , ) FAB-MS (m-
mtrobenzylakohol, m / z ) 2306 ( M + H ) + Anal (C,4( ,H 2 2 ( ,N n 0 2 ( ) HCl) С, H, N caled, 7175, 
9 50, 3 59, found, 71 93, 9 63, 3 56 
2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30, 31, 32, 34, 35, 38b - Octadecahydro - 2a, 38b -
dimethyl - 13, 30 - bis[3-(3,4,5-tridodecoxybenzoate)propyl] - IH, 4H, - 6, 37 : 20, 23 -
dietheno - 2, 22 : 3, 21 - dimethano - 5H, 11H, 28H, 38H, - 7,10,16,19, 24, 27, 33, 36 - octaoxa -
2, 3, 4a, 13, 30, 38a -hexaazacyclopenta [cd] cyclotetratriacont [g] azulene - 1 , 4 - dione (7b). 
The product was obtained m 727c yield M ρ < 25°C 
Ή NMR (CDCl·,, p p m ) δ 7 26 (s, 4H, (RO),ArH), 6 69 (s, 4H, ArH), 5 57 (d, 411, N C H H A r , 
J=16Hz), 4 45 (t, 4H, C H 2 O C O ) , 4 22-3 52 (m, 40H, N C H H A r , C H 2 0 ) , 2 85 (br t, 12H, 
NCfcbCH·,), 2 14-1 08 (m, Î30H, CH 2 ) , 0 88 (t, 18H, CH·,) Anal ( С 1 1 0 Н , 1 6 Ы п О - , 0 ) С, II, Ν 
calcd,_71 5~2, 9 97, 3 85, found, 71 04, 9 96, 3 96 
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2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30, 31, 32, 34, 35, 38b - Octadecahydro - 2a, 38b -
diphenyl -13, 30 - bisl3-(dodecanoyl)propyl] - \H, 4H, - 6, 37 : 20, 23 - dietheno - 2, 22 : 3, 21 
- dimethano - 5H, 11H, 28H, 38H, -7, 10, 16, 19, 24, 27, 33, 36 - octaoxa - 2, 3, 4a, 13, 30, 38a -
hexaazacyclopenta \cd\ cyclotetratriacont [g\ azulene - 1 , 4 - dione (8a). 
The product was obtained in 75V¡ yield Μ ρ 1480C (decomp ) 
XH NMR (CDCl^, ppm) δ 7 07 (s, ЮН, ArH), 6 69 (s, 4Н, ArH), 5 62 (d, 4Н, NCHHAr, 
J-I6H7), 4 3-3 5 (m, 32H, NCHHAr, С Н 2 0 , CH2OCO), 2 88 (t, 8Н, NCH 2 CH 9 0), 2 69 (t, 4H, 
NCH 2CH 2CH 2), 2 28 (t, 4H, OCOCH2), 2 0-1 1 (m, 40H, CH2), 0 79 (t, 6H, СН"-,) FAD-MS (m-
nitrobenzylalcohol, m/z) 1357 (M+l)+ Anal ( C 7 8 H 1 1 2 N 6 0 1 4 ) C, H, N caled, 69 00, 8 31, 6 19, 
found, 6867, 8 44, 6 27 
2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30, 31, 32, 34, 35, 38b - Octadecahydro - 2a, 38b -
dimethyl -13, 30 - bis[3-(dodecanoyl)propyl] - IH, 4H, - 6, 37 : 20, 23 - dietheno - 2, 22 : 3, 21 
- dimethano - 5H, 11H, 28H, 38H, - 7, 10, 16, 19, 24, 27, 33, 36 - octaoxa - 2, 3, 4a, 13, 30, 38a -
hexaazacyclopenta [cd] cyclotetratriacont [g] azulene - 1 , 4 -dione (8b). 
The product was obtained in 757r yield Μ ρ П7-118°С 
lH NMR (СЭСЦ, ppm) δ 6 71 (s, 4Η, ArH), 5 56 (d, 4H, NCHHAr, J=16Hz), 4 2-3 5 (m, 32H, 
NCHHAr, C H 2 0 , CH2OCO), 2 83 (t, 8H, NCH 2 CH ? 0), 2 67 (t, 4H, NCH 2CH 2CH 2), 2 29 (t, 
4H, OCOCH2), 175 (t, 4H, OCH 2CH 2CH 2), f71 (s, 6H, CH,), 2 0-11 (m, 40H, 
OCH 9CH 2CH 2), 0 88 (s, 6H, Cfcl·,) FAB-MS (m-mtrobenzylalcohol, m/z) 1256 (M+Na)+, 1234 
(М+1Г Anal ( 0 , 8 Η | ( ) 8 Ν 0 Ο Μ ) С, H, N caled, 66 21, 8 82, 6 81, found, 66 09, 8 84, 6 79 
Electron microscopy. 
The amphiphilic molecule (2 mg) was dissolved in a drop of СНСЦ and dispersed in the 
appropriate aqueous solution (2 ml) The dispersion was heated and sonicated at 70°C for at 
least 30 mm Samples were taken after sonication at different times, between 1 h and 1 week 
Negatively stained samples were prepared by bringing a drop of the dispersion onto a 
Formvar coated copper grid After 2 mm the excess of dispersion was removed and the 
sample was stained with a 2 weight % solution of uranyl acetate solution Freeze fracturing 
samples were prepared by bringing a drop of the dispersion onto a golden microscope grid 
(150 mesh), placed between two copper plates and fixated in supercooled liquid nitrogen 
Sample holders were placed in a Balzers Freeze etching System BAF 400 D at 10"7 Torr and 
heated to -105°C After fracturing, the samples were etched for 1 mm (ΔΤ=20υΟ, shaded 
with Pt (layer thickness 2 11m) and covered with carbon (layer thickness 20 nm) Replicas were 
allowed to warm up to room temperature, left on 20% chromic acid for 16 h and rinsed with 
water 
Monolayer experiments. 
Surface pressure-surface area diagrams (Π/Α isotherms) were recorded on a rectangular 
trough (195 cm2) equipped with a Wilhelmy balance The salt concentrations in the subphase 
are given in the respective figures Usually 50 μΐ of a CHCI3 solution of the amphiphilic 
molecule (5 mg/10 ml CHCI3) was spread on a subphase of 20°C and after 15 min the 
monolayer was compressed at a rate of 7 0 em'/min 
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CHAPTER 7 
An approach to amphotropic liquid-crystalline receptor 
molecules 
7.1 Introduction 
The use of molecular recognition as a tool to prepare new liquid-crystallme materials 
is currently receiving increased interest For example, Rmgsdorf and Wendorff have 
shown that thermotropic liquid-crystalline properties can be induced in flexible, 
substituted azacrown ethers when these molecules are ngidified by the complexation 
of metal ions J Tundo and Gokel have found that azacrown ethers form lyotropic 
phases in water when they arc provided with the appropriate substituents and are 
mixed with metal ions 2 Molecules that generate both thermotropic and lyotropic 
liquid-crystalline phases are called amphotropic ^ These are of great potential interest, 
eg as building blocks for the construction of materials with tunable properties In this 
chapter we describe receptor molecules modified with substituted azacrown ether 
rings which were designed to display amphotropic liquid-crystalline behavior 
/2λ fíi + 
ss sa aa 
Figure 7 1 Enhanced binding of a ginst in leceptor 1 by the addition of metal WJ/S 
In a previous paper Sijbesma of our group described the allostenc binding 
properties of bowl-shaped receptor molecule 1 4 In solution this molecule adopts three 
conformations, which are m equilibrium viz ss, ^а, and aa (12%, 88%, and <27c 
respectively, see Figure 7 1) Binding of potassium ions in the azacrown ether rings of 
1 induces a change to the aa conformer The latter conformer can bind aromatic guest 
molecules It was shown that in the presence of potassium ions the affinity of 1 for 1,3-
dinitroben7cne was enhanced In chapter 3 we demonstrated that the complexation of 
dihydroxybenzene derivatives induces liquid-crystalline behavior m receptor 
molecules with naphthalene walls Our rationale was that by using derivatives of 1 
substituted with long aliphatic chains a similar effect might be evoked by the separate 
or combined action of aromatic guest molecules and alkali metal ions As the latter 
ions are also capable of inducing lyotropic liquid-crystalline behavior in molecules 
similar to 1 (chapter 6), we felt that sufficient reasons were presented to synthesize 
receptor molecules 4c, 4d, and 5 (Scheme 7 1) and to study their amphotropic liquid-
crystalhne properties 
Scheme 7.1 
4a R = Ph, R' = OCH2OCH, CR = Ph, R' = OCO-3.4,5-(_6H2(OC]2H,5) 
b R = Me, R' = (K H2OCH3 d R = Me. R' = OCO-3,4,5-C6H2(OC12H25) 
5 R = Ph, R' = Ц Н 4 О С 1 2 Н 2 5 
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7.2 Synthesis and characterization 
The syntheses of receptor molecules 4c, 4d, and 5 proceeds vin a ring closure reaction 
of 3a or 3b with an appropriate amine "* In the case of 4c and 4d we chose for a route 
via the methoxvmethyl protected 4-hydroxybenzyl amine derivatives 4a and 4b After 
dcprotection these compounds can easily be converted into the desired receptors 4-
Mcthoxymethoxybenzyl amine was prepared by the reaction of 4-cyanophenol with 
methoxymethyl chloride and subsequent reduction with aluminium hydride s The 
yield of the first reaction could be improved considerably from 52 to 92% by using 
sodium hydride in THF instead of the phase transfer procedure described in the 
literature ^ Alkylation of 4-hydroxy-4-cyanobiphenyl with dodecyl bromide, 
followed by reduction with lithium aluminium hydride in THF yielded in 70% the 
amine which is required to synthesize 5 
The synthesis of receptor molecule 2a was previously reported by our group6 and 
the dimethylglycolunl derivative 2b could be prepared using the same procedure As 
the equilibrium between the three conformers of 2a is slow on the NMR time-scale/ 
the ΊΗ NMR spectrum of this compound was more complicated than that of 2b, which 
displayed only averaged signals for the different protons Compounds 3a and 3b 
were obtained by alkylation of 2a and 2b with the tosyl ester of chloroethoxyethanol 
Ή NMR revealed that also for 3b the exchange between the conformers is faster for 
3 a 7 Because of the broadening of the signals the ratio between the different 
conformers of 3b could not be determined at room temperature Unfortunately, 
compound 3b appeared to be very unstable, even at low temperatures, and due to this 
only could be obtained in very small amounts only In spite of the efficiency of the 
subsequent ring closure reaction, the overall yield of 4b was very low In the case of 
receptor molecule 4a we were not able to isolate the pure compound For these 
reasons we decided not to pursue the syntheses of receptors 4c and 4d, but to focus on 
compound 5, which could be obtained from 3a and 4-dodecyloxy-4 -
aminomethylbiphenyl in 307c yield after purification by column- and preparative 
chromatography The 'Ή NMR spectrum of this compound recorded in CDCl^ 
showed the presence of the ss as well as the sn conformer in 16% and 84%, 
respectively This means that the size of the substituent on the azacrown ether ring 
has almost no influence on ratio of the conformers 
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7.3 Physical properties 
Polarizing microscopy revealed that receptor molecule 5 was not liquid-crystalline: 
only a melting point at 119°C was observed. Differential scanning calorimetry (DSC) 
confirmed this result (melting point at 120°C) and also showed that 5 had a crystal-
crystal transition at 68°C. Upon complexation of two equivalents of KSCN in the 
azacrown ether rings of 5, the crystal-crystal point disappeared and the melting 
transition shifted to 132°C, but no liquid-crystallinity was induced. Also the addition 
of dihydroxybenzene derivatives, with or without potassium ions, did not lead to 
liquid-crystalline behavior. The results presented in chapter 3 demonstrated already 
that the number of aliphatic tails around the central rigid core is critical and must be 
sufficiently high to obtain liquid-crystalline properties. Two alkyl chains as present in 
compound 5, is probably not enough to fulfil this requirement. 
Figure 7.2 Transmission electron mirographs of dispersions of 5 (0.2 wt%) in (a) aqueous 0.2 M KCl 
and (b) aqueous 0.1 N HCl solution. Bars represent 250 nm. Left: negative staining technique. Right: 
freeze fracturing technique. 
To investigate the lyotropic liquid-crystalline properties of 5, this molecule was 
dispersed in two different aqueous solutions. Upon dispersion in a 0.2 M KCl 
solution, the receptor molecules aggregated to form both vesicles, with a diameter of 
30-150 nm, and multilayers. This was visualised by electron microscopy using the 
freeze fracturing technique (Figure 7.2a). In a 0.1 N aqueous HCl solution vesicles (40-
175 nm) were formed exclusively (Figure 7.2b). Electron micrographs obtained by the 
ss 
freeze fracturing technique showed that the surfaces of these vesicles displayed both 
smooth patches and patches with band patterns (20±5 nm) This phenomenon is 
known in the literature and is called a rippled phase, which is a typical ordered 
structure observed in lyposomcs 8 
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Figure 7.3 (А) Completion ічоИиіт* of compound 5 on diffeient *ubplm*e* (a) 0 02 M aqueous 
KCl, (b)nqneou* 01 N HCl (В) Síhenintn iepie*entntion of the *nndwiüi-liki nsïOiiatton of tav 
neighboiii ing icicptor molecule* on π *nbplui*e containing K+ ion* 
Monolayer experiments were performed to obtain more information on the 
aggregation behavior of 5 in different aqueous solutions Isotherms were recorded 
using aqueous Ü 02 M KCl (a) and aqueous 0 1 N HCl (b) solutions as the subphases at 
20°C (Figure 7 ЗА) The compressibility of the monolayers was completely different 
The isotherm obtained using subphase (b) showed a gradual increase of the surface 
pressure upon decreasing the surface area The same result was obtained for subphase 
(a), but the slope of the isotherm was steeper Extrapolation of the isotherms to zero 
pressure afforded very small areas per molecule for subphase (a) 120 A 2 and for 
subphase (b) 150 Á2 These values are too small to account for a conformation in 
which the two azacrown ether rings of 5 are lying flat on the water surface 
Estimations, based on CPK models, revealed as the smallest area per molecule for the 
three different conformers of 5 values of 271 (ss conformer), 243 (su conformer), and 
175 A2 (an conformer) In the case of a KCl solution is used as the subphase, potassium 
ions will be bound in the azacrown ether rings of the receptor molecules and the 
equilibrium will shift to the an conformer We propose that upon compression of the 
monolayer two neighbouring molecules adopt a sandwich-like conformation in which 
one potassium ion is shared by two azacrown ether rings.9 Further compression could 
lead to d imenc structures (Figure 7 3B), which are stabilized by π-π stacking of the 
aromatic walls, and by the fact that the contact of these walls with water molecules is 
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minimized. Such a self-association is supported by NMR and X-ray studies on related 
receptor molecules bv Reek of our g r o u p . 1 0 For subphase (b) a similar behavior can be 
envisaged, in which the self-association is opposed by the electrostatic repulsion of 
the protonated nitrogen atoms. This causes the surface pressure to increase in an 
earlier stage of the compression, i.e. at larger areas per molecule 
7.4 Conclusions 
Receptor molecule 5 was designed to display amphotropic liquid-crystallme 
behavior No induction of thermotropic liquid-crystallme properties was observed 
upon binding of guest molecules, which may be the result of the fact that the aliphatic 
bulk of the receptor molecule is too small compared with its rigid central part. 
Dispersion of 5 in different aqueous solutions, however, led to the formation of 
bilayered structures. Interestingly, in acidic solution a rippled phase was observed, 
which is typical for biological materials 
7.5 Experimental section 
General methods. 
CH2C12 and acetomtnle were distilled from CaH 2 and THF was distilled from L1AIH4 1,2-
Dichloroethane was dried on Molsieve (ЗА) For flash column chromatography Merck 
sihcagel 60H and for column chromatography Merck silicagel 60 was used Melting points 
were measured with a Jeneval polan/ing microscope connected to a Lmkam THMS 600 hot 
stage Ή NMR spectra were recorded on a Bruker AC-100 or a Bruker AM-400 spectrometer 
Chemical shift values are reported relative to tetramethylsilane as an internal standard IR 
spectra were recorded on a Perkm-Elmer 298 infrared spectrophotometer Mass spectra were 
obtained with a double focusing VG 7070E spectrometer Elemental analyses were 
determined with a Carlo Erba Ea 1108 instrument. Thermograms were recorded with a rate of 
10°C/min using a Perkin Elmer DSC 7 instrument Samples were prepared in stainless-steel 
large volume pans (75μ1) 
4-Methoxymethoxybenzonitrile.11 
At 0 °C a solution of 4-hydroxybenzonitnle (10 g, 84 mmol) in THF was added dropwise to a 
suspension of NaH (5 0 g, 0 13 mol) in THF (250 ml) and after 15 mm chloromethoxymethane 
(8.1 g, 0.10 mol) was carefully added. The reaction mixture was stirred for 1 h at room 
temperature and afterwards the solvent was evaporated The residue was dissolved in diethyl 
ether and washed with water and aqueous 1 N NaOH, dried (MgSCy, and concentrated ;/i 
vacuo. The protected benzonitnle was obtained in 78'7( yield 
'HNMR (CUCI-,, ppm) 5 7 5 and 7 0 (2*d, 4H, ArH, J=9Hz), 5 2 (s, 4H, OCH 20), 3 4 (s, 6H, 
OCH3) 
У0 
4-Methoxymethoxybenzyl amine. 
For the synthesis of this compound <i procedure was followed, which is described by Yoon et 
я/.1 2. Reagents. LiAlH4 (Ί.0 g, 26 mmol), concentrated H 2 S 0 4 (3 2 g, 20 mmol) and 4-
methoxymethoxybenzonitrile (3.2 g, 20 mmol) The crude product was purified by flash 
column chromatography (eluent 3 vol'/c MeOH in СНСЦ) to give the desired compound as a 
colorless oil in 92% yield 
'HNMR (CDCI3, ppm) δ 7.1 and 6 7 (2*d, 4H, ArH, J=9Hz), 5 1 (s, 4H, OCH 2 0), 3.4 (s, 6H, 
OCH-,), 1 6 (s, 2H, NH 2) 
4-Dodecyloxy-4'-cyanobiphenyl. 
4-Hydroxy-4'-cyanobiphenyl (0.76 g, 3.9 mmol), dodccyl bromide (1 1 g, 4.5 mmol), and 
K 2 C0 3 (2 1 g) in cyclohexanone (30 ml) were refluxed for 2 hrs. After cooling the precipitate 
was filtered off and washed with ciiethyl ether The filtrate and the diethyl layer were 
combined and concentrated m imcuo. The residue was dissolved in diethyl ether The 
resulting solution was extracted with water (2x), dried (MgS04) and concentrated The 
product was subjected to column chromatography (eluent ethyl acetate hexanc, 1 2 v/v) and 
recrystallized from acetonitrile Yield 79c/<. 
К (69) M (90) I [lit. 13· К (69.0) M (89 9) I|. 'HNMR (CDC13, ppm) δ 7.6 (s, 4H, Ar(CN)H), 7 5 
and 6 9 (2*d, 4H, Ar(OR)H, J=10Hz), 4 0 (t, 2H, OCH2), 1 9-1.1 (m, 20H, (CH 2 ) ] 0 CH 3 ), 0.9 (t, 
3H, CH3). IR (KBr, cm"1) ν 2990-2870 (aliph. C-H), 2220 (CSN), 1600 (C=C). MS (EI, m/z) 363 
(M)+, 195 (M-C12rl2.;)+. Anal. Caled. f o r C 2 s H 3 3 N O : С 82.60, Η 9.15, Ν 3 85, Found. С 82.00, Η 
9 01, Ν 3.83. 
4-DodecyIoxy-4'-aminomethylb¡phenyl. 
At 0 °C a solution of the above described compound (1 7 g, 4 7 mmol) m dry THF (10 ml) was 
added dropwise to a suspension of L1AIH4 (0 27 g, 7 mmol) m dry THF (25 ml) The reaction 
mixture was refluxed for 2.5 hrs After cooling to room temperature THF/H 2 0 (1.1 v/v, 4 ml) 
was added, followed by THF/15% NaOH solution (1 I v/v, 4 ml), and finally a mixture of 
THF/H 20 (1 1 v/v, 12 ml).14 A precipitate was formed which was filtered off The organic 
layer was dried (MgS04) and concentrated under reduced pressure. Pure amine was obtained 
after recrystallization from a mixture of ethyl acetate and hexane (88% yield). M.p. 110°C. 
!ΗΝΜ1< ( C D C 1 V ppm) δ 7.59 and 7 36 (2*d, 4H, Ar(CH2NH2)H, J=10Hz), 7.52 and 6 97 (2*d, 
4H, Ar(OR)H, J=10Hz), 3.98 (t, 2H, OCH2), 3.88 (s, 2H, CH 2 NH 2 ), 1.97-1 13 (m, 22H, 
(СН 2 ) Ш СН 3 and NH2), 0 86 (t, 3H, CH 3). IR (KBr, cm"1) ν 3500-3150 (NH2), 2990-2870 (aliph 
C-H), 1600 (C=C) MS (EI, m/z) 367 (M)+, 198 (M-C 1 2H 2 5)+, 182 (M-OC 1 2H 2 S)+ Anal Caled 
for C24137NO: С 81.69, Η 10.15, Ν 3 81; Found· С 81 37, Η 10 32, Ν 3 83 
17b, 17c - Dihydro - 1 , 6, 10, 15 - tetrahydroxy - 17b, 17c - diphenyl - 7H, SH, 9H, 16H, 17H, 
18H - 7a, 8a, 16a, 17a - tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4" : 5', 6', T] dicycloocta [1, 2, 3 -
de : 1', 2', 3* d'e'l dinaphtalene - 8,17 - dione (2a). 
This compound was synthesized according to a procedure developed previously in our 
laboratory.6 
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For the synthesis of 2b, compound 8b is required, which was synthesized according to the 
scheme below 
' °4 
Me 
o=< > o 
Me 
6b 
Αι,Ο 
=-> 
TFA 
AiO OAc 
( Me ) 
o=< >=o 
At() OAc 
7b 
SOCI, > 
* o=< 
N 
CI CI 
( Me ) 
N 
)=o 
~N ( Me ) 
CI CI 
8b 
Dihydro-8b, 8c-dimethyl - IH, 3H, 4H, SH, 7H, SH 
tetraazacyclopenta [deft fluorene - 4, 8, dione (6b). 
This compound was synthesized as described in ref 15 
2,6 - dioxa - 3a, 4a, 7a, 8a -
1, 3, 4, 6 - Tetrakis (acetoxymethyl) tetrahydro - 3a, 6a - dimethyl - imidazo [4, 5 - d] 
imidazole - 2, 5 (Ш, 3H) - dione (7b). 
This compound was synthesized according to a procedure developed in our laboratory,6 
using compound 6b (4 0 g, 15 7 mmol) and p-toluenesulfonic acid (0 44g, 2 3 mmol) m acetic 
anhydride (18 ml) This suspension was heated for 4 hrs at 110 °C and after cooling to room 
temperature CH2C12 (50 ml) was added The organic layer was extracted with H 2 0 , a 
saturated aqueous NaHCO^ solution (2x), and dried (MgS04) Evaporation of the solvent 
gave crude 7b which was purified by pouring a solution of this compound in CH2C12 in 
dusopropyl ether Compound 7b was obtained as a white powder in 92% yield Μ ρ 150°C 
'HNMR (CDC1,, ppm) Ò 5 61 and 5 39 (2*d, 8H, NCH2COOCH,, J=12Hz), 2 09 (s, 12H, 
COOCH,), 1 60 (s, 6H, CH4) FAB-MS (m-nitrobenzylalcohol, m/z) 459 (M+H)+ Anal Caled 
for C18H26N4O10 С 47 16, Η 5 72, N 12 22, Found С 46 63, Η 5 74, Ν 11 90 
1, 3, 4, 6 - Tetrakis (chloromethyl) tetrahydro - За, 6a - dimethyl - imidazo L4, 5 - d] 
imidazole - 2, 5 (IH, 3H) - dione (8b). 
This compound was synthesized according to a procedure developed previously in our 
laboratory 6 Compound 8b was obtained in 88% yield as a white powder and stored at -18 °C, 
because of the instability of the product 
^ N M R (CDC1V ppm) δ 5 51 and 5 33 (2*d, 8H, NCH2C1, J=12Hz), 1 86 (s, 6H, CH,) FAB-MS 
(m-nitrobenzylalcohol, m/z) 329 (M-C1)+ Anal Caled for C 1 0 H | 4 C l 4 N 4 O 2 С 32 99, Η 3 88, N 
15 39, Found С 32 99, Η 3 84, Ν 15 05 
17b, 17c - Dihydro - 1 , 6, 10, 15 - tetrahydroxy - 17b, 17c - dimethyl - 7H, SH, 9H, 16H, 17H, 
18H - 7a, 8a, 16a, 17a - tetraazapentaleno U", 6" : 5, 6, 7 ; 3", 4" : 5', 6', 7'] dicycloocta [1, 2, 3 -
de : 1', 2', 3' d'e'l dinaphtalene - 8,17 - dione (2b). 
This compound was synthesized according to a procedure developed previously in our 
laboratoryn using compound 8b (3 8 g, 10 mmol), 2,7-dihvdroxynaphthalene (6 7 g, 42 mmol), 
and SnCl4 (7 9 ml, 80 mmol) in 1,2-dichloroethane (165 ml) Yield 43% 
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' H N M R (DMSO-d6, ppm) δ 10 ü (br s, 4H, OH), 7 49 and 6 81 (2*d, 811, ArH, J=8 6Hz), 5 03 
and 4.68 (2*d, 8H, NCH2Ar, J=16 8Hz), 1 92 (s, 6H, С Щ . FAB-MS (m-nitrobenzylalcohol, 
m/z) 539 (M+H)+ 
17b, 17c - Dihydro -1, 6,10,15 - tetrakis [2 - (2 - chloroethoxy) ethoxy) I - 17b, 17c - diphenyl 
- 7H, m, 9H, 16H, 17H, 18H - 7a, 8a, 16a, 17a - tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4" : 5', 6', 
7'] dicycloocta [1, 2, 3 - de : 1', 2', 3' d'e'] dinaphtalene - 8,17 - dione (3a). 
This compound was synthesized according to a procedure developed previously m our 
laboratory 
17b, 17c - Dihydro -1, 6,10,15 - tetrakis [2 - (2 - chloroethoxy) ethoxy) ] - 17b, 17c - dimethyl 
- 7H, 8H, 9H, 16H, 17H, 18H - 7a, 8a, 16a, 17a - tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4" : 5', 6', 
7'] dicycloocta [1, 2, 3 - de : 1', 2', 3' d'e'] dinaphtalene - 8,17 - dione (3b). 
This compound was synthesized according to a procedure described for 3a in the literature, 
using 2b (110 mg, 0 2 mmol), l-||2-(2-chloroethoxy)ethvl]sulfonyl]-4-methvlbenzene (290 mg, 
1 0 mmol), and КОН (230 mg, 4 mmol) m 10 ml DMSO 
'HNMR (CDCI3, ppm) δ 7 49 and 6 81 (2*d, 8H, ArH, J= Hz), 5 03 and 4 68 (2*d, 8H, 
NCH2Ar, J=17Hz), 1 92 (s, 6H, CH,) FAB-MS (m-mtrobenzylakohol, m/z) 965 (M+H)+ 
Compound 4a. 
This compound was synthesized according to a procedure developed in our laboratory,"1 
using 3a (700 mg, 0 6 mmol), 4-methoxymethoxybcnzyl amine (107 mg, 2 1 mmol), № 2 С 0 3 
(2 g), and Nal (6,2 g) in acetonitrilc (600 ml) We were unable to punfv the product, which 
hampered the characterization 
Compound 4b. 
This compound was synthesized according to a procedure developed in our laboratory, 
using 3b (73 mg, 7 2*102 mmol), 4-methoxymethoxybenzyl amine (12 mg, 0 2 mmol), 
Na2CO:j (0 2 g), and Nal (0 7 g) in acetonitrile (60 ml) Pure product was obtained in 76'/ 
yield after flash column chromatography (3x, cluent 0 5 vol'/t MeOH, 1 vaW Et-¡N m CHCI3) 
!HNMR (2mM solution in CDCl-,/DMSO-d6 (9 1) m the presence of 8111M KSCN to ensure 
complete conversion into the aa conformer, ppm) δ 7 65 and 7 18 (2*d, 8H, NaphH, J=9 0Hz), 
7 26 and 7 05 (2*d, 8H, I'hH, J=8 61 Iz), 5 64 and 5 52 (2*d, 8H, NCH2Ar, J=16 5Hz), 5 22 (s, 4H, 
OCH2OCH·,), 4 54, 3 85, and 3 77 (3*t, 16H, OCH 2CH 2), 3 68 (s, 4H, NCH2Ph), 3 72-3 56 (m, 
8H, OCH2CH2), 3 50 (s, 6H, ОСН2ОСНз), 2 98-2 70 (m, 814, NCH 2CH 2), 1 95 (s, 611, Ql·,) 
FAB-MS (m-mtrobenzvlalcohol, m//) 1153(M+1I)+ Anal Caled for C 6 4 H 7 f t N 6 0 1 4 С 66 65, H 
6.64, Ν 7 29, Found С 66 32, Η 6 33, Ν 7 21 
Compound 5. 
This compound was synthesized according to a procedure developed in our laboratory,"1 
using 3a (350 mg, 0 34 mmol), 4-dodecyl-4'-aminomethylbiphenyl (300 mg, 0 82 mmol), 
Na2CO-( (1 3 g), and Nal (3 1 g) m acetonitrile (300 ml) Pure product was obtained in 30% 
yield after flash column chromatography (eluent 1 vol7c Et-jN in CHCI3) and preparative 
chromatography (elucnt 10 vol4 MeOH in СНСЦ) 
91 
! H N M R (2mM solution in СОСЦ/DMSO d 6 (9 1) in the presence of 8mM KSCN to ensure 
complete conversion ot the compound into the an conformer, ppm) δ 7 67 and 7 21 (2*d, 8H, 
NaphH, J=9 5Hz), 7 64 and 7 47 (2*d, 811, Ph(CH2N)H, J-8 7Hz), 7 56 and 6 99 (2*d, 8H, 
РМОЮН, J=8 5Hz), 7 00 (s, 10H, ArH), 5 82 and 4 14 (2*d, 8H, NCH2Ar, J=16 6Hz), 4 58, and 
4 10 (24, 12H, OCH2CI l2), 4 01 (s, 4H, NCH2Ph), 4 05-3 60 (m, 16H, OCH2CH2), 3 20-2 75 (m, 
8H, NCH 2CH 2), 1 81 (t, 4H, OCH 2CH 2), 1 60 1 20 (m, 36H, 0(CH 2) 2(CH 2) 9), 0 88 (t, 6H, 
0(CI12)UCH-,) FAB-MS (m-mtrobenzvlalcohol, m/z) 1679 (M+H)+ Anal Caled for 
C 1 0 f ,Hi 2 8 N 6 O ] 2 *2H 2 O С 74 27, Η 7 76, N 4 90, Found С 74 10, Η 7 89, Ν 4 45 
Electron microscopy. 
The amphiphilic molecule (2 mg) was dissolved in a drop of CHCI3 and dispersed in the 
appropriate aqueous solution (2 ml) The dispersion was heated and sonicated at 70"C for at 
least 30 mm After sonication, samples were taken at different times between 1 h and 1 week 
Freeze fracturing samples were prepared by bringing a drop of the dispersion onto a golden 
microscope grid (150 mesh), placed between two copper plates and fixated in supercooled 
liquid nitrogen Sample holders were placed m a Balzers Freeze etching System BAF 400 D at 
10 7 Torr and heated to -105°C After fracturing, the samples were etched for 1 mm (Δ 
T=2()°C), shaded with Pt (layer thickness 2 ran) and covered with carbon (layer thickness 20 
nm) Replicas were allowed to warm up to room temperature, left on 20% chromic acid for 16 
h and rinsed with water 
Monolayer experiments. 
Surtace pressure-surface area diagrams (Π/Α isotherms) were recorded on a rectangular 
trough (195 1m2) equipped with a Wilhelmy balance The composition of the subphase are 
given m Figure 7 ЗА Usually 50 μΐ of a CHCI3 solution of the receptor molecule (5 mg/10 ml 
СНСЦ) was spread on a subphase of 20°C and after 15 mm the monolayer was compressed 
at a rate of 7 0 cm 2/min 
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CHAPTER 8 
Host molecules containing Donor-π-Acceptor groups 
8.1 Introduction 
Non-linear optics (NLO) is based on the interactions of materials with light ' Light 
can be considered as being an electromagnetic wave The exposure of a molecule to an 
electromagnetic field leads to the polarization of its electron cloud, which in turn 
generates a dipolo moment (\i
mtj) In the case of a strong electromagnetic field as is 
exerted by laser light, a non-linear response of the induced dipolo moment may be 
observed as indicated by in equation 8 1 
μ
ι η α
 = μ0 + αΕ + βΕ
2
 + γΕ^
 + (8 1) 
in which μ() is the permanent dipole moment and α, β, and 7 are the polanzability and 
the first and second hyperpolanzabihty, respectively At low strength of the electric 
field, the non-linear contributions in the above equation are very small and the 
molecule will give a linear response as described by equation 8 2 
μ.ηα = μ0 +
 α Ε
 (8 2) 
The polanzability α is related to the refractive index In this report wc focus on 
second order non-linear molecules, / с molecules for which γ can be neglected In that 
case equation 8 1 can be rewritten as follows 
Hind = Mo + (a + ßE)E (8 3) 
As can be seen in equation 8 3, α is increased with βΕ and, therefore, the refractive 
index, because of its relation to a, is dependent on the applied electrical field This 
phenomenon is known as the Pockels effect 
Organic materials based on molecules with an easily polanzable electron cloud and 
an asymmetrical distribution of charge are of great current interest, because they can 
display large second order non-linear optical responses The NLO-molecuIes 
investigated so far consist of electron donor (D) and electron accepting (A) 
substituents connected by a planar π-conjugated system, to provide free movement of 
the π-electrons Figure 8 1 shows a general representation of such NLO-molecules, as 
well as a well known example, viz 4-dimethylammo-4 -nitro-trans-stilbene (DANS) 
electron donor electron acceptor 
( D H ~ ^ - 0 
π-conjugated system 
Figure 8.1 Cenemi representation of a NLO molecule and the structure of 4-t1imetln/ìamino-4'-nitio-
trans ^tilbene (DANS) as an example of'///is class of materials 
At the macroscopic level the NLO-effect depends on the polarization (P int¡), which is 
induced in the material. 
Find = P 0 + XU ) E+ X(2)E2 + X(3)E3 + - <8-4) 
in which PQ is the permanent polarization and χ ( 4 χ^2', and χ^3' are the first, second, 
and third susceptibilities. In equation 8 4 Pm¿, y} , Χ , and χ' ' are the macroscopic 
equivalents of the molecular coefficients [im(¡, α, β, and 7 (equation 8 1) Molecules 
with a high β value do not automatical ly yield a material with an useful NLO effect. 
If the molecules are not oriented in the same direction, the induced dipole moment 
will be partly -and in centro-symmetrical crystals even completely- cancelled Non-
centrosymmetncal orientation of molecules in a material is therefore a prerequisite for 
obtaining high χ ' 2 ' values. To meet these requirements three different approaches 
have been developed, i.c (/) organization of NLO-molecules in organic crystals with 
non-centrosymmetrical space-groups, (11) alignment of molecules m oriented 
Langmuir-Blodgett films, and (111) orientation of polymers in high electric fields 
(poling). In this report we will focus on the third approach. The NLO-active 
component may be a molecule that is dissolved m a polymer matrix, or may be a 
functional group that is attached to the main-chain or the side-chain of a polymer. In 
the case of doped polymer films, NLO-molecules are dissolved m a polymer matrix, 
which is heated above its TR . Subsequently, the molecules are poled by applying a 
strong electrical field 4 / 5 After allowing the polymer matrix to cool down below its T„ 
in the presence of this electrical field, a polymer glass with a high degree of alignment 
is obtained. Disadvantage of this procedure is the usually limited solubility of the 
NLO-molecule in the polymer matrix 2 and the poor stability of the polar orientation ft 
In side-chain polymers the NLO-molecules are covalently attached to the polymer 
backbone via a spacer group, in a way that the motions of the NLO-molecule are 
9X 
decoupled from those of the polymer backbone Improvement of the stabilization of 
the polar orientation in doped polymer films, as well as in side-chain polymers, can 
be achieved by cross-linking the polymer to a polymer network directly after poling 2 
However, in both doped polymer films and in side-chain polymers one deals with a 
completely random orientation of the dipolo moments in the absence of an electrical 
field The lack of pre-organization of the dipole moments can be overcome by the use 
of main-chain polymers, having a head to tail arrangement of οπΑ-groups ' This 
introduces restricted motion into the polymer backbone, which is not favourable for 
NLO-purposes For this reason it is worthwile to develop other methods to realize 
pre-organization 
In supramolccular chemistry a variety of rigid building blocks based on aromatic ring 
compounds arc used to construct host molecules, which can bind guest molecules by 
non-covalcnt interactions Reinhoudt et пІ^'Я have synthesized cahx[4]arene 
derivatives, that combine up to four ΟπΑ-moieties in one molecule, for application as 
second order NLO materials High macroscopic χ'2 ' values were obtained when these 
molecules were dissolved in polymer matrices and spun into films '° 
VleO—К V—OMe 
N 
Ph 
N 
o=( 
N 
Ph 
WeO—Г 7— OMe 
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In our group host molecules based on diphenylglycoluril are synthesized and 
studied with respect to their physical properties 1 0 , 1 1 As is described in the previous 
chapters, these host molecules contain a cleft, which is formed by the glycoluril 
framework and two xylylene walls (see 1) The walls can be easily modified with D71A 
functional groups, which -because of the conformation of the host molecule- are 
oriented in almost the same direction The aim of the study, presented in this chapter, 
is to synthesize different ϋπΑ host molecules, viz 2, 3, and 4 (Chart 8 1) and to study 
the effect of preorganizaron of the ΌκΑ system on the optical properties of materials 
in which these compounds are dissolved 
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Chart 8.1 
MeO—(/ ()Чс Me 
К 
О—Г у— ОМе 
' * Ph ' 
>=() ()=< Τ >=о 
MeO ОМе МсО—</ 7—ОМе 
К R 
(а) 
Racemic mWlure 
(b) 
Meso compound 
2 R= (Hi р - \ о 2 с 6 н 4 с н = с н 
3 R= (£)p-N02C6H4CH=CHCH=CH 
4 R = (£ ) / J -N( ) 2 ( ' 6 H 4 N=N 
8.2 S y n t h e t i c s trategy 
Host molecules of type 1 can be synthesized by an amidoalkylntion reaction.11 In our 
laboratory much work has been done to extend the scope of this reaction (see Scheme 
8.1 ).12 Treatment of the ring ether 5 or the tetrachloromethyl compound 6 with 
aromatic compounds, in the presence of a Lewis acid, allows the preparation a wide 
variety of host molecules. 
Scheme 8.1 
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The synthesis of ΌπΑ containing host molecules derived from diphenylglycoluril 
can be accomplished in two ways (Scheme 8 2) The first method is a direct one, in 
which the complete D;tA-system is synthesized separately and connected to the 
diphenylglycoluril framework afterwards The advantage of this approach is that one 
can start from already known NLO-moleculcs and that, after the connection step, no 
further transformations are necessary The disadvantage is that the diastereomers, 
which are formed, have to be separated at the end of the synthesis An alternative 
procedure is the indirect method, in which the DnA-systcm is introduced by 
modification of an appropriate host molecule If one first synthesizes a host molecule 
with two different groups on one wall (eg R = H, R = Me), the separation of the 
diastereomers is probably already possible in the stage before the introduction of the 
ϋπΑ functions 
Scheme 8.2 
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8.3 Results and discussion 
8.3.1 Synthesis 
For the preparation of the target compounds 2-4 we started with the direct method 
(Scheme 8 2) and first synthesized the DnA-systems 7, 8, and 9 (Scheme 8 3) Stilbene 
7 was synthesized by a Knocvenagel reaction from 2,5-dimcthoxybenzaldehyde and 
4-nitrophenylacetic acid in dimethylformamide14 and was obtained in 887c vield after 
crystallization from ethanol The ^H NMR spectrum of this compound showed a 
coupling constant of 16 3 Hz for the ethenyl protons at 7 6 and 71 ppm, which is 
characteristic for the Ε-isomer Butadiene 8 was synthesized in three steps, also 
Scheme 8.3 
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starting from 2,5-dimethoxybenzaldehyde. The latter compound was first 
transformed into the corresponding diethoxy acctal, which was subsequently used in 
a condensation reaction with ethoxyethene1-"1 to yield the cinnamic aldehyde (23c7(). A 
Wittig-Homcr reaction of 4-nitrobenzylphosphomc acid diethyl ester with the 
obtained cinnamic aldehyde provided the trans-butadiene 8 exclusively, in a yield of 
707c after purification. H NMR spectroscopy confirmed the formation of the E-isomer 
for the product of both the condensation and the Wittig-Horner reaction. Diphenylazo 
compound 9 was synthesized from 4-methoxyphenol by a diazotation reaction 
according to a literature procedure. ° 
Connecting the DreA molecules 7-9 to the diphenylglycolunl framework was 
attempted by using the tetrachloro derivative 6 Compound 6 reacted with 
compounds 7 and 8 to give a l l mixture of the diastcreomers of the desired target 
compounds 2 and 3 in reasonable yields The purification and separation of the 
diastereomers 3 by column chromatography caused, however, many problems and 
only small amounts of pure products could be obtained. The composition of the 
reaction mixture and the purity of the compounds were difficult to determine by thin 
layer chromatography, but could be monitored by reversed phase HPLC. The HPLC-
chromatograms revealed that in addition to the two diastereomers, an extra product 
was present, which appeared to be the racemate of the mono-substituted host 
molecule 10 Attempts were undertaken to optimize the reaction conditions for target 
NO, 
OMe 
10 
compound 3 An increase of the reaction time or addition of more butadiene 8 caused 
no appreciable change in the yield, still approximately 20°/ of the mono-substituted 
host molecule was formed, in addition to 15% of the racemate and 31 'A of the meso 
compound. Separation of the two diastereomers of compound 2 was even more 
difficult, but eventually circa 10c/< of pure material of each of the respective 
diastereomers was obtained. In the H NMR spectra of the diastereomeric mixtures of 
compounds 2 and 3 only the signals of the diastereo topic methylene protons were 
well resolved. This part of the spectrum showed two AX-quartets for each 
diastereomer, which is due to the asymmetric substitution of the wall Examination of 
the ·Ή NMR spectra of the separate diastereomers revealed one broad peak for the 
1(H 
methoxy groups of one diastereomer and two sharp signals for the methoxy groups of 
the other diastereomer Assignment of the different diastereomers was possible with 
the help of n C NMR The meso compound showed two peaks in the carbonvl region, 
viz at 157 7 and 157 5 ppm, whereas the raccmate showed only one peak at 157 6 
ppm 
Scheme 8.4 
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Compound 4, which contains a diphenylazo function, could not be obtained by the 
direct method Reaction of compound 9 with the tetrachloro derivative 6 did not yield 
any desired product, probably due to complexation of the catalyst (S11CI4) to the azo 
compound Reaction of compound 9 with the cyclic ether derivative 5 did not work 
either, because of the deactivating groups on the aromatic nucleus of 9 Compound 4 
was, therefore, synthesized via the indirect method (Scheme 8 2), starting from an 
already known dissymetnc host molecule with methoxyphenol rings as walls of the 
cleft (12, see scheme 8 4) 13 This host molecule was prepared by reacting the cyclic 
ether derivative 5, methoxyphenol, and tnfluoroacetic acid in acetic anhydride In this 
way the protected derivative (compound 11) was obtained as a mixture of 
diastereomers in 61e/ Attempts to separate the latter compounds at this stage of the 
synthetic route by column chromatography were unsuccessful Deprotection of the 
acetyl functionalities was achieved by treating 11 with an aqueous NaOH solution in 
dioxane to give the mixture of diastereomers of 12 in 977r yield The diazotization of 
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12 was performed with the diazomum salt of p-nitroanihne in an sodium acetate 
buffer The crude reaction mixture was directly acetylated with acetic anhydride in 
pyridine, in order to obtain a product that would be sufficient soluble for separation 
by column chromatography After purification 7'7c of the acetylated racemate 13a and 
no pure meso compound 13b was obtained The structure of 13a was confirmed by 'Ή 
and 1 3 C NMR spectroscopy However, because of the low yield of this compound the 
final steps of the synthesis of compound 4 could not be performed 
8.3.2 X-ray analysis of compound 3b 
Yellow single crystals of compound 3b, suitable for X-ray structure analysis, were 
obtained by slow crystallization from tetrahydrofuran The crystal structure 
determination revealed a trichmc unit cell, containing four molecules of 3b, each lying 
on a two-fold rotation axis, and four solvent molecules It is of interest to compare the 
X ray data of 3b with those of host molecule 1, of which the structure was previously 
established by X ray analysis 1 2 Compound 3b possesses a noticeable twist in the 
diphenylglycoluril part of the molecule (Figure 8 2) The dihedral angle C6-C7-C7-C6 
Figure 8.2 X-im/ ^tniitiiu of 3b Hyiiiogen піот^ Ііпл' Ьші omitted foi clniily 
is almost the same for the two compounds, υιζ 24° in 3b and 22° in 1, but the dihedral 
angle N1-C7-C7-N1 has increased in 3b as compared to 1 by 5°, viz from 18 to 23° 
This means that the displacement of the centers of the dimethoxybenzene walls along 
the axis through the carbonvl oxvgen atoms is more pronounced in 3b than in 1 The 
two dimethoxybenzene moieties define a tapering cavity, the best planes through the 
IOS 
cavity walls being at a relative angle of 36°, compared to 39 S° in 1 Consequently, the 
centers of the dnncthoxybenzene rings are closer in 3b than in 1, viz 6 38 A in the 
former compound, compared to 6 67 A in the latter one From the crystal structures of 
other substituted host molecules derived from diphenylglycoluril, we know that a 
methoxy group next to a substituent on the cavity wall can not be located in the plane 
of the benzene ring 12 17 In the structure of 3b the two methoxy groups are indeed 
pointing into the cavity and the increased twist in the host molecule is probably 
enforced by this inside rotation One of these methoxy groups is at a very short 
distance from the carbonvl oxygen (3 1 Ä), which is indicative of C-H--0 bonding 18 
Another remarkable observation is that the two ΟπΑ-moieties are not planar, which is 
manifested in the tilting of the /)-nitrophenylbutadienyl parts (21° and 35° 
respectively) with respect to the dimethoxybenzene walls 
In the crystal the molecules of 3b have a centrosymmetncal alignment They are 
packed by favourable π-π-interactions, showing an offset geometry, between the 
dimethoxybenzene walls of two molecules, which are oriented in the opposite 
direction, and between the phenyl groups on the convex side of two other molecules 
8.3.3 Binding properties 
Host molecule 1 is able to bind resorcinol with an association constant (K
a
) of 2600 
M ! 1 2 The influence of the ϋπΑ substituents on the binding host-guest properties was 
studied for host molecules 2 and 3 K
a
 values were determined by ^H NMR titration 
The results arc shown in Table 8 1 
Table 8.1 Binding pi ори tu* of different ho*t moleculi* 
Host 
molecule 
1 
2a 
2b 
3a 
3b 
к
а 
(M' ) for resorcinol'"1 
2600b 
102S 
460 
480 
260 
a
 Estimated ci ι οι 20% ° Value tahiifioni ref 11 
The general trend in Table 8 1 is that substitution of the cavity walls leads to a 
decrease in binding affinity From previous work 1 2 ' 1 7 it is known that a substituent 
ortho to the methoxy group forces the latter to rotate away from the plane of the 
cavity wall in the direction of the cavity As a result the carbonyl groups of the host 
molecule are no longer available for hydrogen bonding Interestingly, the affinity of 
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host molecule 2a for resorcinol is approximately two times higher than that of host 
molecule 3a for this guest We ascribe this to the decreased electron density of the 
walls of 3a, which weakens the π-π-interactions with the guest Another remarkable 
feature is the different binding behavior of the two diastereomers Binding of guests is 
stronger in the racemic hosts (2a, 3a) than in the meso hosts (2b, 3b) This is probably 
caused by an asymmetric distribution of the π-elcctron density in the walls of the 
receptors, which is induced by the substituent In the meso compounds this gives rise 
to an assymetnc charge distribution m the cavity, whereas m the racemates the charge 
is averaged throughout the cavity A locally lower electron density, due to the fact 
that the substituents arc on one side of the cavity and at the same time two 
neighbouring methoxy groups blocking one of the carbonyl groups of the host, are 
probably the main reasons for the lower binding affinities of the meso diastereomers 
for resorcinol 
8.3.4 UV-measurements and hyperpolarizabilities 
In order to examine the influence of preorganizaron on the physical properties of 
the ϋ π Α systems we measured the UV-vis absorption spectra of compounds 7 and 8, 
and those of the host molecules 2 and 3 For comparison we also recorded the 
spectrum of the single-walled host 10. The absorption maxima of the charge transfer 
bands (λ
ΓΤ1ί-1χ) are summarized in Table 8 2 
Table 8.2 Mnximn of Hie dinigL hnn^fei Invida in the 
оічЫс ^ pectin of diffeient DnA malendes a 
Compou 
7 
2 
8 
10 
3 
nd Vnnx(r.m) 
380 
364 
403 
390 
390 
" Tlie ^ pedrn an lecoidcd in CHCIi,, T-25°C 
Fixation of ϋ π Α molecule 7 on to the framework of host molecule 2 leads to a blue 
shift of 16 nm A similar blue shift is observed in the case of 8 and host compounds 3 
and 10 These shift are the results of a substituent effect exerted by the 
diphenylglycoluril moiety This phenomenon is in agreement with observations in the 
literature, oiz placing electron donating groups on the donor part of a ϋ π Α system 
leads to a decrease in λ
Γ η £ 1 χ
8 9
 Marks et ni19 have predicted that two NLO 
chromophores placed in parallel position at a distance between 4 and 10 A undergo a 
107 
blue shift of their charge transfer bands. Comparison of the Х
тях
 value of the mono-
substituted compound 10 with that of the disubstitutcd compound 3 reveals no 
difference at all, despite the fact that the ϋπΑ moieties in 3 are circa 6.5 A apart. In 
our case the NLO moieties probably have no interaction because of the angle and/or 
the twist which is present between the walls of the host molecules (see Figure 8.2). 
To get an impression of the NLO properties of our host molecules Hyper Rayleigh 
Scattering (HRS) experiments were carried out on compound 2b.2(' This resulted in a 
ßHRS(1910) value of 60.10"10 esu (ßHRS(1064) = ШЛО"™ esu)21 in СНСЦ. It is very 
difficult to compare these values with data from the literature because the latter are 
usually measured by a different technique, viz Electric Field Induced Second 
Harmonic Generation (EFISH). 2 We can, therefore, only roughly estimate the PHRS" 
value of the isolated NLO chromophorc in 2b, which is approximately 45.10"-w esu.2·1 
Using the X-ray data of section 8 3 2 the vectorial contribution of the two ϋπΑ-
moieties in host molecule 2b can be estimated to be approximately 1.8 times the PHRS" 
value of one DïïA-moicty, i.e the expected ß^g-value of 2b is 80.10"30 esu At this 
moment we do not have an explanation for the discrepancy in the estimated and 
experimental value 
8.3.5 Poling of polymer films doped with compound 2b. 
Preliminary experiments were performed to study the possibility of preparing poled 
films from mixtures of our NLO-host molecules and polymethylmethacrylate 
(PMMA) The two components were dissolved in CHCI3 and spun on a substrate 
Contact poling was used as the technique to achieve orientation of the NLO-molecules 
in the film To this end the film was sandwiched between two electrodes and 
subjected to a high voltage 24 The non-linear susceptibility χ*2' is related to the electro-
optic coefficient r 3 3 by 
χ
(2)(-ω) = 0.5*r33*n4 (8 5) 
in which η is the refractive index of the film. We studied the dependence of the NLO-
response on the contact poling field (E„) and we also studied its degradation in time. 
The disadvantage of most doped polymer films is the low solubility of the NLO-
molecules2 in these films and the poor stability of the polar orientation of the poled 
film.6 Two different concentrations of host molecule 2b, 10 and 43 weight%, were 
dissolved in PMMA matrices and films of good optical properties and, after poling, 
with high stability were obtained. For both films the measured r33(633) values2-^ were 
plotted as a function of the poling field (E„) The results are shown in Figure 8.3. As 
expected for molecules with dipole moments smaller then 50 D a linear behavior is 
obtained - Unfortunately, no linear relation was observed between the concentration 
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of 2b in the film and the r^(633) value If the concentration of the host molecule was 
increased four times at E p = 50 V/μητ the enhancement of r^(633) was only 1 2 times 
When the electrical field was switched off, the r-)-)(633) value decreased to 63 and 56% 
of the values initially measured for the 10 and 43 weight% films, respectively A 
possible explanation for these observations is that at high concentrations the host 
molecules 2b tend to organize with their dipolc moments m opposite direction This 
proces may be driven by favourable π-π stacking interactions of the type found m the 
crystal structure of 3b (section 8 3 2) 
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The degradation of the NLO-response was measured at 25 and 80°C using the 10 
weight Vf film, prepared by contact poling at 110°C As can be seen in Table 8 3 after 
25 days at 25°C the r3 3(633) value has leveled off to 76% of the value directly after 
poling and after six months there is still 68% of the response left The degradation at 
80°C is much faster a decrease to 687c of the initial response is reached after 5 days 
At 80°C the mobility of the polymer chains (T„ = 110°C) is relatively high and more 
molecules of 2b are able to change the orientation of their dipole moments 
Table 8 3 Deem/ of tin elicti 0 optii wtffiiiint 1^3 ofa film of compound 2b (10 witght%) m PMMA 
at 25 and 80 "C prcpaiid /71/ tht contact poling technique at 110 °C 
time 
l h 
1 day 
5 days 
25 days 
6 months 
25°C 
98% 
90% 
84% 
76% 
68% 
80°C 
91% 
77% 
68% 
-
-
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8.4 Conclusions 
The best procedure for synthesizing host molecules derived from diphenylglycolunl 
containing ΌπΑ functions is the direct approach, as is outlined in Scheme 8 2 
Separation of the diastereomers, which are formed, is still a problem Preliminary 
experiments indicate that the NLO active host molecules arc highly soluble in the 
used PMMA matrix and that films with high NLO-responses and excellent stabilities 
can be obtained Unfortunately, only a small increase of the NLO-response is 
observed when the concentration of the ϋ π Α containing host molecules in the matrix 
is increased This behavior is most likely caused by π π interactions between the 
molecules, which favor a centrosymmetncal molecular packing We may conclude 
that the attachment of two DnA moieties to the framework of a diphenylglycolunl 
host molecule leads to materials with high ß-values showing a blue shift of the λ
Γ η 3 Χ 
of the charge transfer band in the visible spectrum The latter feature makes these 
materials more transparent for frequency doubling 2 
8.5 Experimental section 
General methods. 
Dimethylformamide was distilled from CaH 2 and 1,2-dichloroethane was dried over 4A 
molecular sieves before use For flash column chromatography Merck silica gel 60H was 
used Analytical HPLC analyses was earned out with a LKB 2150 system equipped with a 
Waters RCM 8*10, reversed phase C-18 column and a Pye Unicam LC UV detector (254 nm) 
Melting points were measured with a Reichert Thermopan microscope Ή NMR spectra were 
recorded on a Vanan EM-390 Bruker AC 100, or a Bruker AM-400 spectrometer n C NMR 
spectra were measured on a Bruker AM 400 spectrometer Chemical shift values arc reported 
relative to tetramethylsilanc as an internal standard IK spectra were recorded on a Perkm 
Elmer 298 infrared spectrophotometer Mass spectra were obtained with a double focusing 
VC 7070E spectrometer Elemental analyses were determined with a Carlo Erba Ea 1108 
instrument A Perkin Elmer λ-5 UV-vis photospectrometer was used to obtain the UV vis 
spectra 
Dihydro-8b, 8c-diphenyl - IH, 3H, 4H, 5H, 7H, 8H - 2,6 - dioxa - 3a, 4a, 7a, 8a -
tetraazacyclopenta [def\ fluorene - 4, 8, dione (5). 
This compound was synthesized according to a procedure developed previously in our 
laboratorv 2<1 
1, 3, 4, 6-Tetrakis(chloromethyl)tetrahydro- 3a, 6a- diphenyl- imidazo[4,5-d]imidazole- 2, 
5(1H, 3H)- dione (6). 
This compound was synthesized according to a procedure developed previously in our 
laboratorv ^ 
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2-[2-(4-Nitrophenyl)vinyl]-l,4-dimethoxybenzene (7). 
For the synthesis of this compound a procedure described bv Mann was followed 
Pipendme (1 ml) was added to a solution of 2,5-dimethoxybenzaldehvde (0 6 g, 3 6 mmol) 
and 4-mtrophenylacetic acid (1 1 g, 5 8 mmol) m DMF (5 ml) The reaction mixture was 
stirred at room temperature for 16 hrs and then heated for 1 h at 100 °C Evaporation of the 
solvent and crystallization from ethanol yielded yellow needles of compound 7 Yield 88% 
Μ ρ 118-119 °C ( l i t 2 7 119 °C ) 
]H NMR (CDC1-,, ppm) 5 8 16 and 7 62 (2d, 4H, N0 2 ArH, J=8 8Hz), 7 61 and 7 11 (2d, 2H, 
CH=CH, J=16 3Hz), 7 14 (s, IH, (MeO)2ArH), 6 86 and 6 85 (2d, 2H, (MeO)2ArH, J=9Hz), 3 86 
and 3 82 (ь, 6H, ArOCH3) IR (KBR, cm λ) υ 3010 (arom C-H), 2830 (O-CH^), 1625 (CH=CH), 
1590 (arom C-C), 1490 and 1335 (N0 2) MS (EI, m//) 285 (M)+, 270 (M-CH3)+, and 224 (M-
C H
r
N 0 2 ) + Anal ( C U l H l s N 0 4 ) C, Η, N caled, 67 36, 5 30, 4 91, found, 67 24, 5 25, 4 89 λ 
т л х
(СНСЦ) = 380 nm 
4-Nitrobenzylphosphonic acid diethyl ester. 
This compound was synthesized according to a literature procedure 
Ή NMR (CDCl-v ppm) δ 8 2 and 7 5 (2d, 4H, ArH, J=9Hz), 4 1 (m, 411, POCH2), 3 4 (d, 2H, 
ArCH2P, J=33Hz), 1 3 (t, 6H, OCH 2CH 3) 
2-Diethoxymethyl-l,4-dimethoxybenzene. 
2,5-Dimethoxybenzaldehyde (2 51 g, 15 mmol), diethoxymethoxyethane (2 26 g, 15 mmol), 
and a catalytic amount of p-TosOH were dissolved in ethanol (0 70 g, 15 mmol) and stirred for 
16 hrs After neutralization with K 2 C0 3 the reaction mixture was distilled (145 °C, 0 1 mm 
Hg) to afford the title compound as a colourless oil in 957r vield 
Ή NMR (CDCl-v ppm) δ 7 2 (s, IH, ArH), 6 8 (d, 2H, ArH), 5 7 (s, IH, ArCH), 3 7 (s, 6H, 
ArOCH.) MS (El, m/z) 240(M)+, 195(M-OEt)+ 
3-(2,5-Dimethoxyphenyl)prop-2-enal. 
This compound was synthesized from 2-diethoxymethyl-l,4-dimethoxyben/ene (4 13 g, 18 
mmol) and ethoxyethene (136 g, 19 mmol) according to a literature procedure The 
cinnamic aldehyde was purified by flash column chromatography (eluent CH2CI2) and 
crystallization from ethanol Yellow needles were obtained in 237c yield Μ ρ 96-97 °C 
Λ
Η NMR (CDCI3, ppm) δ 9 7 (d, IH, CHO, J=8Hz), 7 8 (d, IH, ArCH, J=15Hz), 7 0 (s, IH, 
ArH), 6 9 (s, 2H, ArH), 6 7 (dd, IH, CHCHO, J^ISHz, J2=8Hz), 3 9 and 3 8 (2s, 6H, ArOCH,) 
IR (KBr, cm !) υ 3020 (arom C-H), 2820 (O-CH^), 1670 (C=0), 1610 (C=C) MS (El, m/z) 
192(M)+, 161(M-OMe)+ Anal (С
П
Н
І 2СЦ) С, H caled, 68 74, 6 29, found, 68 56, 6 32 
2-[4-(Nilrophenyl)-buta-l,3-dienyl]-l,4-dimethoxybenzene (8). 
At О °С and under a nitrogen atmosphere a solution of 4-nitrobenzylphosphomc acid diethyl 
ester (1 2 g, 4 4 mmol) m ethanol (10 ml) was added dropwise to a solution of NaOEt (4 4 
mmol) m ethanol (10 ml) After 10 mm at 0 °C a solution of 3-(2,5-dimethoxyphenyl)prop-2-
enal (0 76 g, 4 0 mmol) in ethanol (10 ml) was added dropwise and the mixture was stirred at 
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room temperature for 16 hrs The reaction mixture was concentrated ;// vacuo, extracted with 
CHC1} and H2C), and the organic layer was dried (MgS04) Evaporation of the sohent left a 
crude product that was subjected to flash column chromatography (eluent CH2C12) After 
crystallization from ethanol orange needles of the Ε-isomer of butadiene 8 were obtained in 
70'/r yield Μ ρ Π3-114 °C 
Чі NMR (CDCl,, ppm) δ 8 17 and 753 (2d, 4H, N0 2 ArH, J=9 0 H Z ) , 713 (dd, IH, 
(MeO)2ArHCHCH, J,=15 51 lz, J2=10 5Hz), 7 12 (d, 1П, NCbArHCH, J=15 5Hz), 7 06 and 6 82 
(2d, 2H, (MeO)2ArH), 6 98 (dd, IH, N0 2ArHCHCH, J,=15 5Hz, J2=10 5Hz), 6 82 (s, IH, 
(MeO)2ArH), 6 67 (d, IH, (MeO)2ArHCH, J=15 5Hz), 3 85 and 3 81 (2s, 6H, Ar(OCH3)2) IR 
(KBR, cm"1) υ 302Ü (лrom C-Η), 2840 (O-CH-,), 1565 and 1340 (Nü2) MS (EI, m/z) 311 (Μ)+, 
280 (М-ОСН,)+, and 189 (M-C 6 H 4 N0 2 ) + Anal ( C 1 8 H 1 7 N 0 4 ) С, Η, N caled, 69 44, 5 50, 4 50, 
found, 69 82, 5 54, 4 56 X
max
(CHCl-|) = 403 nm 
4-Methoxy-3-(4-nitrophenyl-azo)phenol (9). 
This compound was synthesized according to a literature procedure 
Μ ρ 157-158 °C А
П1с1Ч(СНСЦ) = 340 nm 
2, 10- Di [2- (4- nitrophenyl)- vinylj- 5, 7, 12, 13b, 13c, 14- hexahydro- 1, 4, 8, 11-
tetramethoxy- 13b, 13c- diphenyl- 6H, 13H- 5a, 6a, 12a, 13a- tetraazabenz [5,6] azuleno 12, 1, 
B-ija] benz [f] azulene- 6, 13- dione (2a) and 2, 9- Di [2- (4- nitrophenyl)- vinyl]- 5, 7,12, 13b, 
13c, 14- hexahydro- 1, 4, 8, 11- tetramethoxy- 13b, 13c- diphenyl- 6H, 13H- 5a, 6a, 12a, 13a-
tetraazabenz 15,6] azuleno Г2,1, 8-ija] benz Lf] azulene- 6,13- dione (2b). 
Compound 6 (400 mg, 0 8 mmol), compound 7 (516 mg, 1 8 mmol), and SnCl4 (1 5 ml, 6 6 
mmol) were refluxed under an argon atmosphere, in 1,2-dichloroethane (20 ml) After 2 hrs 6 
N aqueous HCl (20 ml) was added and the mixture was refluxed again for 15 min The 
organic layer was washed with H 2 0 and dried (MgS04) Evaporation of the solvent gave the 
crude product which was purified by flash column chromatography (eluent ethvl acetate 
hexane 1 1 v/v + 17( H 2 0) using a load of 250 mg compound per 100g of silica gel This 
yielded 13% of pure racemate 2a (100 mg), 12'/ of meso compound 2b (97 mg), and 40% of a 
mixture of these diastereomcrs (298 mg) 
"Ή NMR (CDCl,, ppm) 2a and 2b δ 8 17 and 7 55 (2d, 8H, NCbArH, J=8 7Hz), 7 43 and 7 03 
(2d, 4H, CH=CH, J-16 4Hz) 7 16-7 10 (m, 10H, Aril), 6 96 (s, 4H, ArH), 5 68, 5 56, 3 89, and 
3 78 (4d, 8H, NCH2Ar, J=16 1Hz), 3 86 and 3 84 (2s, I2H, ArOCH·,) n C NMR (CDC1·,, ppm) δ 
2a δ 157 59 (C=0), 2b δ 157 72 and 157 49 (C-O) FAB-MS (m-mtrobenzylalcohol, m/z) 913 
(M+H)+ Anal performed in the presence of P b 0 4 (C=; 2 H 4 4 N 6 O| 0 )C, Η, N caled, 68 41, 4 86, 
9 21, found, 67 80, 5 00, 8 66 ^ ^ ( С Н С Ц ) = 364 nm 
2, 10- Di [4- (4- nitrophenyl)- buta- 1, 3- dienyl]- 5, 7, 12, 13b, 13c, 14- hexahydro- 1, 4, 8, 11-
tetramethoxy- 13b, 13c- diphenyl- 6H, 13Я- 5a, 6a, 12a, 13a- tetraazabenz [5,6] azuleno [2, 1, 
8-ija] benz [f] azulene- 6,13- dione (3a) and 2, 9- Di [4- (4- nitrophenyl)- buta-1, 3- dienyl]-
5, 7, 12, 13b, 13c, 14- hexahydro- 1, 4, 8, 11- tetramethoxy- 13b, 13c- diphenyl- 6H, 13H- 5a, 
6a, 12a, 13a- tetraazabenz [5,6] azuleno [2,1, S-ija] benz [f] azulene- 6,13- dione (3b). 
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Compound За and 3b were synthesized, starting from compound 6 (531 mg, 1.1 mmol) and 
butadiene derivative 8 (745 mg, 2.39 mmol) following the same procedure as described for 
compound 2. The reaction mixture was purified by flash column chromatography (eluent 
ethyl acetate · hexane 1 1 v/v) using a load of 250 mg compound on 100 g silica gel. In this 
way 159c of racemate 3a (158 mg), 319c of meso compound 3b, and 22c/r of the mono-
substituted compound 10 (162 mg) were obtained 
Ή NMR (CDC13, ppm) За and 3b δ 8.15 and 7 51 (2d, 8H, N0 2 ArH, J=8 8Hz), 7 14-7.04 (m, 
12H, ArH and N0 2ArHCH), 6 98-6 88 (m, 6H, (MeObArHCHCH and ArH), 6.64 (d, 2H, 
(MeO)2ArHCH, J=15 5Hz), 5.64, 5 54, 3 87, and 3 76 (4d, 8H, NCH2Ar, ]=16.2Hz), 3a 3 86 (s, 
12H, ArOCH,), 3b 3 85 and 3.83 (2s, 12H, ArOCH3) 1 3 C NMR (CDC13, ppm) 3a δ 157.58 
(C=0), 3b δ 157 70 and 157 49 (C=0). FAB-MS (m-mtrobenzylalcohol, m/z) 965 (M+H)+ 
Anal. (3b 1.5THF, C 6 2 H h n N 6 0 | , 5) C, Η, N- caled, 69 39, 5 65, 7.81, found, 69.38, 5 65, 7 85. λ 
max(CHCl-¡) = 390 nm. 
Ή NMR (CDCI3, ppm) 10 5 819 and 7.56 (2d, 4H, N0 2 ArH, J=8.8Hz), 7.40-7 10 (in, 11H, ArH 
and (MeObArHCHCH), 7 08 (s, IH, ArH), 7 06 (d, IH, N0 2ArHCH, J=15 7Hz), 6 97 (dd, 1 H, 
NCbArHCHCH, J,=15 5Hz, J2=10 II Iz), 6 74 (d, 2H, (MeO)2ArHCH, J=15.5Hz), 5 66, 5 60, 
3.94, and 3.82 (4d, 4H, NCH2Ar, ]=16.0Hz), 5 52, 5,51, 4 44, and 4.42 (4d, 4H, N C H 2 0 , 
J=10.9Hz), 3.98 and 3 97 (2s, 6H, ArOCH3) FAB-MS (m-nitrobenzylalcohol, m/z) 672 
(M+H)+. X
m a x
(CHCl,) = 390 nm. 
5, 7, 12, 13b, 13c, 14- Hexahydro- 1, 11- diacetoxy- 4, 8- dimethoxy- 13b, 13c- diphenyl- 6H, 
13H- 5a, 6a, 12a, 13a- tetraazabenz [5,6] azuleno [2, 1, S-ija] benz [f] azulene- 6, 13- dione 
(11a) and 5, 7, 12, 13b, 13c, 14- Hexahydro- 1, 8- diacetoxy- 4, 11- dimethoxy- 13b, 13c-
diphenyl- 6H, 13H- 5a, 6a, 12a, 13a- tetraazabenz [5,6] azuleno [2, 1, 8-ija] benz [f] azulene-
6,13- dione (lib). 
This compound was synthesized according to a procedure developed previously in our 
laboratory 1 λ 
lH NMR (CDCI-v ppm) 11a and l i b δ 7 08-7 01 (m, ЮН, ArH), 6.84 and 6 74 (2d, 4H, ArH, 
J=8.9Hz), 5 64, 5 03, 3 86, and 3 79 (4d, 8H, NCH2Ar, J=l6.0Hz), 3.81 (s, 6H, ArOCH3), 2 36 (s, 
6H,OCOCH3). 
5, 7, 12, 13b, 13c, 14- Hexahydro- 1, 11- dihydroxy- 4, 8- dimethoxy- 13b, 13c- diphenyl- 6H, 
13H- 5a, 6a, 12a, 13a- tetraazabenz [5,6] azuleno [2, 1, S-ija] benz [f] azulene- 6, 13- dione 
(12a) and 5, 7, 12, 13b, 13c, 14- Hexahydro- 1, 8- dihydroxy- 4, 11- dimethoxy- 13b, 13c-
diphenyl- 6H, 13H- 5a, 6a, 12a, 13a- tetraazabenz [5,6] azuleno [2, 1, 8-ija] benz [f] azulene-
6,13- dione (12b). 
Compound 11 (3 2 g, 4.7 mmol) was suspended in a mixture of dioxane (250 ml) and aqueous 
1 N NaOH (50 ml). The reaction mixture was stirred at room temperature for 16 hrs The 
product was filtered from the reaction mixture and washed with a small amount of methanol 
The white powder was dried at 70 °C to yield a mixture of diastereomers 12a and 12b Yield 
97% 
Ή NMR (DMSO-d
n
, ppm) δ 9 09 (s, 2H, ОН), 7 20-7.09 (m, 6H, ArH), 7 02-6 99 (m, 4H, ArH), 
6.68 and 6 61 (2d, 4H, ArH, J=8.8Hz), 5 38, 5.36, 3 61, and 3.60 (4d, 8H, NCH2Ar, J=16 0Hz), 
3 68 (s, 6H, ArOCH3). 
m 
2, 10- Di [2- (4- nitrophenyl)- azo]- 5, 7, 12, 13b, 13c, 14- hexahydro- 1, 11- diacetoxy- 4, 8-
dimethoxy- 13b, 13c- diphenyl- 6H, 13H- 5a, 6a, 12a, 13a- tetraazabenz [5,6] azuleno [2, 1, 8-
ija] benz [f] azulene- 6, 13- dione (13a) and 2, 9- Di [2- (4- nitrophenyl)- azo]- 5, 7, 12, 13b, 
13c, 14- hexahydro- 1, 8- diacetoxy- 4, 11- dimethoxy- 13b, 13c- diphenyl- 6H, 13H- 5a, 6a, 
12a, 13a- tetraazabenz [5,6] azuleno [2,1, 8-»/я] benz [f] azulene- 6,13- dione (13b) 
At 0 °C a coni aqueous HCl solution (2 ml) was added carefully to sodium nitrite (120 mg, 
1 74 mmol), followed by the slow addition of a solution of 4-mtroaniline (220 mg, 1 68 mmol) 
in a sodium acetate buffer (pH=4 5, 5 ml) The solution of the diazonium salt was added at 0 
°C to a suspension of compound 12 in the same buffer (5 ml) After stirring for 4 hrs the 
vellow suspension had turned dark red The reaction mixture v\as concentrated in oacuo, 
dissolved m a mixture of acetic anhydride (10 ml) and pyridine (1 ml), and stirred for 1 h at 
room temperature The solvent was evaporated and the residue was dissolved in СНСЦ The 
organic layer was washed with aqueous 1 N HCl, dried (NaSO^), and concentrated in vacuo 
The crude compound was purified by flash column chromatography (eluent ethyl acetate 
hexane 2 1 \ /v) and only compound 13a was obtained m 7% yield 
] H NMR (CDCl-v ppm) 13a Ò 8 32 and 7 83 (2d, 8H, N02ArH, J-8 9H7), 7 19 (s, 4H, ArH) 
7 18-7 08 (m, 10H, ArH), 5 76, 5 32, 3 97, and 3 89 (4d, 8H NCH2Ar, J=16 0Hz) 3 87 (s, 6H, 
ArOCH-j), 2 43 (s, 6H, ОСОСНЦ) Л С NMR (СЭСЦ, ppm) δ 157 36 (C=0) 
X-ray diffraction. 
Crystal data of compound 3b. 
C % H 5 ( ) N 6 O 1 0 C 4 H 8 0 , T=207K, tnclmic, space group P-l, a - 12 890(4), b = 13134(3), с = 
16 088(5) Â, α = 94 47(3), β = 91 68(2), у = 75 07(4)°, V= 2624 Аэ, 7 = 2, D
x
 = 1 224 g/cm3, Mo 
Κα radiation, μ = 0 80 cm Ί, R = 0 09 
Hyper Raleigh Scattering. 
The HRS measurements were performed as described m ref 20 
Electro-optic measurements. 
The contact poling experiments and r-;·} measurements were performed as described m ref 24 
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U'S 
Summary 
Supramolecular chemistry іп оі еь the design, synthesis, and study of molecular 
systems and assemblies of molecules held together by weak forces, eg hydrogen 
bonding, van der Waals interactions, and electrostatic interactions The interest in this 
field started with host-guest chemistry, / e the complexation of molecules (guests) in 
receptors (hosts) by a process known as molecular recognition During the years 
attention in supramolecular chemistry has gradually shifted to applications, eg 
selective catalytic systems and sensors Currently, supramolecular chemistry is being 
used to tune the properties of materials 
Previous investigations in our group have demonstrated that a variety of host 
molecules can be synthesized from the building block glycolunl, which offered the 
opportunity to bind different types of guest molecules These hosts have been used to 
develop novel catalytic systems In this thesis, the application of glycolunl as a 
building block is extended to the field of materials, in particular the development of 
novel thermotropic and lyotropic liquid-crystals, as well as non-hnear-optical (NLO) 
materials 
With the objective of preparing thermotropic liquid crystalline materials, two types 
of host molecules derived from glycolunl have been modified with four 
tnalkoxybenzoyl groups Liquid-crystalline properties were observed upon binding 
of dihydroxybenzene guest molecules in these systems, provided the alkoxy chains 
have a minimum length, <лг ten carbon atoms Tunable liquid-crystalline properties 
were generated by changing the substituent on the guest molecule and by varying the 
host-guest ratio The concept of inducing liquid-crystalline behavior by host-guest 
interactions has been extended to bi-, tetra-, and even polyfunctional, ; e polymeric, 
guest molecules It was shown for instance that in this way the physical properties of 
polystyrene and porphyrin derivatives can be manipulated 
Amphiphihc host molecules could be obtained by providing the glycolunl molecules 
with azacrown ether rings that are substituted with long aliphatic chains Dispersion 
of these amphiphihc host molecules in different aqueous solutions generated 
supramolecular structures (vesicles and tubes), which could be tuned by changing the 
acidity of the solution or by complexation of different alkali metal ions Monolayer 
experiments were earned out which revealed that the molecules can adopt different 
conformations depending on the pH of the solution and the type of alkali metal ion 
In the latter case it was found that the size of the head group of the amphiphihc host 
increases with the size of the metal ion In this way it was possible to make a 
correlation between the types of aggregate and the type of metal ion forming this 
aggregate 
An attempt to combine both thermotropic and lyotropic properties in one host 
molecule failed The particular molecule which was synthesized gave, however, upon 
dispersion in water aggregates with remarkable structural features, oi: so-called 
rippled phases 
In order to obtain NLO-active materials it is important to provide these molecules 
with donor-n-acceptor (ΌπΑ) functions Diphenylglycolunl can be used as a 
framework to preorganize such ΌπΑ functions, as was shown in the last part of the 
study described in this thesis The synthesis of this type of molecules can be achieved 
by directly attaching the ΌπΑ group to the glycolunl moiety The structure of one of 
these ΌπΑ containing receptor molecules was determined by X-ray analysis 
Preliminary studies showed that the ΌπΑ molecules can be oriented in a polymer 
matrix and that the molecular orientation can be kept for a prolonged period of time 
( months) This is an important property for possible future application of the 
glycolunl based systems as NLO-active materials 
Samenvatting 
Supramoleculairc chemie omvat het ontwerpen, synthetiseren en bestuderen van 
molekuulsystemen en verzamelingen van moleculen die bijeen gehouden worden 
door relatief zwakke krachten, zoals VanderWaals interacties, waterstofbruggen en 
electrostatische wisselwerkingen Dit type chemie is ontstaan uit de gastheer-gast 
chemie, die zich bezig houdt met het complexeren van molekulen (gasten) m 
receptoren (gastheren) De aandacht in het gebied van de supramoleculaire chemie is 
gedurende de jaren geleidelijk wat verschoven van het verwerven van fundamenteel 
inzicht naar toepassingen Dit heeft onder andere geleid tot de ontwikkeling van 
nieuwe katalytische systemen en sensoren Recentelijk is de interesse gegroeid om 
supramolekulaire interacties te gebruiken om de eigenschappen van materialen te 
sturen en te veranderen 
Eerder onderzoek in onze groep heeft aangetoond dat uitgaande van de bouwsteen 
glycolunl een variëteit aan gastheermolekulen gesynthetiseerd kan worden, hetgeen 
de mogelijkheid biedt om verschillende typen gastmoleculen te binden Op basis van 
de uitstekende bindingseigenschappen van deze gastheermolekulen zijn 
verscheidende katalysatoren gesynthetiseerd die bepaalde moleculen selektief kunnen 
omzetten In dit proefschrift wordt het gebruik van glycolunl als bouwsteen 
uitgebreid tot het gebied van de materialen, in het bijzonder de ontwikkeling van 
thermotrope en lyotrope vloeibaar-knstallijnc materialen en materialen met niet-
hneaire-optische (NLO) eigenschappen 
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Met het doel om nieuwe thermotrope vloeibaar-knstalhjne verbindingen te maken, 
zijn twee soorten gastheermolekulen, die zijn voorzien van vier tnalkoxybenzoyl-
groepen, gesynthetiseerd Het bleek mogelijk door binding van gastmolekulen 
vloeibaar-knstallijne gedrag in deze gastheermolekulen te induceren, mits de 
alkoxygroepen een voldoende lengte bezaten Verandering van substituent op het 
gastmolekuul en wijziging van gastheer-gast-verhouding leidt tot de vorming van een 
verscheidenheid aan vloeibaar-kristallijne fasen Het idee om door binding van 
molekulen in andere molekulen vloeibaar-kristallijn gedrag te induceren, blijkt breed 
toepasbaar te zijn Zo konden bi-, tetra-, en zelfs polyfunctioned gastmolekulen, zoals 
polymeren, vloeibaar-kristallijn gemaakt worden Een speciale studie is gewijd aan 
porfyrinemolekulen die kunnen fungeren als tetrafunctionele gastmolekulen Een 
supramolekulair complex bestaande uit een porfynnekern waaraan vier 
gastheermolekulen zijn gebonden, kon worden gesynthetiseerd en gekarakteriseerd 
Het porfynnemolekuul is volledig afgeschermd door de hydrofobe staarten van de 
gastheermolekulen en is vloeibaar-kristallijn 
Amfifiele gastheermolekulen konden worden bereid door glycolunl te voorzien van 
azakroonether ringen, waaraan lange alifatische staarten zijn verbonden Wanneer 
deze amfifiele molekulen in water worden gedispergeerd, ontstaan supramolekulaire 
aggregaten zoals vesicles en molekulaire buizen De supramolckulaire structuur van 
deze aggregaten kan gestuurd worden door de zuurgraad van de waterige oplossing 
te variëren of door verschillende alkali-metaalioncn in de holte van de 
gastheermolekulen te complexeren Monolaagexpenmenten laten zien dat de 
amfifiele molekulen in zure waterige oplossing een andere conformatie bezitten dan 
in de oplossingen waarin alkah-metaalioncn aanwezig zijn In het laatste geval blijkt 
de grootte van de kopgroep van het amfifiel evenredig gerelateerd te zijn aan de 
grootte van het gebonden metaahon Op deze wijze kon een verband worden gelegd 
tussen het type metanlion en het aggregaat dat wordt gevormd 
Een poging om een gastheermolekuul te synthetiseren met zowel thermotrope als 
lyotrope eigenschappen bleek niet succesvol te zijn In water vormde dit molekuul 
echter supramolekulaire aggregaten met zeer bijzondere structurele eigenschappen 
Organische molekulen die voorzien zijn van donor-K-acccptor (DrcA) groepen 
kunnen na oriëntatie materialen geven met niet-lineaire-optische (NLO) 
eigenschappen In het laatste deel van het onderzoek dat in dit proefschrift staat 
beschreven, zijn uit glycolunl gastheermolekulen gesynthetiseerd die ΌπΑ 
subshtuenten bevatten De structuur van één van deze moleculen kon worden 
opgehelderd door middel van rontgendiffractie De gemodificeerde 
gastheermolekulen kunnen in een polymère matrix worden gedispergeerd en worden 
uitgericht De oriëntatie van de DnA-molekulen blijkt maandenlang behouden te 
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kunnen worden, hetgeen van belang is voor mogelijke toepassingen van de systemen 
als NLO-actieve materialen 
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